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ABSTRACT 
The charge transfer property of hydrogen bonding plays an important role in the 
stability of D N A double helix. Besides the simple intermolecular hydrogen bonds, 
three-centered H-bonds (TCHBs) in D N A are often characterized by x-ray 
crystallography and other experimental methods. This thesis focuses on the 
computational studies of H-bonds and the effect of excess charge (cation radical and 
anion radical) on the H-bonds using the Density Functional Theory (DFT) and Natural 
Bond Orbital (NBO) analysis. 
Ten dimer units A A , AC，AG, AT, CC, CG，GC, TA, TC and T G were extracted 
for the exploration of the possibility of TCHB. From the study of geometric 
properties and calculated scalar coupling constants, they could provide evidence for 
identifying three-centered H-bonds. Moreover, four trimer units GGC，CAA, A A A 
and A A C of a D N A duplex d ( G G C A A G A A A C G G ) 2 were extracted to study the 
charge distribution and donor-acceptor interactions of TCHBs. From the molecular 
orbitals (MO) calculations, they could provide supportive information for pinpointing 
the charge location in D N A . 
Results of N B O analysis revealed that the excess positive charge is located 
mainly in the purines whereas the excess negative charge is located mainly in the 
pyrimidines. Furthermore, the presence of TCHBs is found to be sequence 
dependent with the 5'-end must be adenine base. In different trimers, two important 
factors are found to vary the charge transfer ability of TCHBs. They are the base 
sequence of the D N A units and the strength of the corresponding intermolecular 
hydrogen bonds of TCHBs. This provides insights in illustrating the possible charge 
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CHAPTER ONE 
INTRODUCTION AND BACKGROUND 
1.1 Introduction 
Deoxyribonucleic acid (DNA) is a biological polymer, which plays a central role 
in the transmission, expression, and conservation of genetic information. It 
commonly exists in the double helix form, which can adopt A, B or Z conformation. 
Four heterocyclic organic bases were found in DNA: they are adenine (A), cytosine 
(C), guanine (G) and thymine (T) (Fig 1.1.1). 
N O O N 
〈 / N ^ ^ N 广 N 
N 人 N J 、 人 O N 人 N 人 N 人 。 
Adenine (A) Thymine (T) Guanine (G) Cytosine (C) 
Fig. 1.1.1 The Chemical structure of the four bases 
The stability of the D N A structure is maintained by the formation of hydrogen 
bonding between the A-T base pair and the G-C base pair. Moreover, they are 
essential to the stabilization of the double helix secondary structure (Fig 1.1.2). 
, • - H - N ' CH3 ^ n ^ N - H . • _0 CH3 
N - H _ _ _ 0 O 
/ 
H 
Fig. 1.1.2 The Watson-Crick base pairs 
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The hydrogen bonds (H-bonds) have long been considered to play an important 
role in achieving stability and a medium for charge transfer within the Watson-Crick 
base pairs. 
D N A ion radicals will be created when D N A is directly exposed to ultraviolet 
light and ionizing radiation (e.g. X-ray and atomic particles). The created charges 
will then be transported from charge donor to acceptor through D N A duplexes. The 
charge transfer mechanism within D N A has been a subject of intense interest due to 
its biological significance and a number of different theories on this topic have been 
advanced. In this chapter, a brief summary of the features of various types of 
H-bonds and the charge transfer mechanisms of D N A will be discussed. 
1.2 Hydrogen Bonds (H-bonds) in DNA 
H-bond, A^'-H^^ B^' is generally defined as a weak chemical interaction 
between a hydrogen atom attached to an electronegative donor, atom A, and an 
electronegative acceptor, atom B. The electronegative atoms are usually nitrogen 
and oxygen. H-bond is mainly electrostatic in character and, hence, its strength 
depends on charges located on A, H, B (1.1). Since it is a weak chemical interaction, 
it is more flexible and soft with stretching and bending force constants 15 times 
smaller than those of covalent bonds (1.1). In D N A , hydrogen bonding interactions 
between bases are of the types N-H.. N and N-H O with the donor N-H group of 
either the amino or imino type. These intermolecular H-bonds are classified as 
“conventional” H-bonds. A common feature of these conventional H-bonds is that 
the H-bond angle is close to linear (180°) and the interatomic distance of the H-bond 
between the donor and the acceptor is shorter than the sum of their van der Waals 
2 
radii. 
Apart from the conventional H-bond, the C-H…O type H-bond is also found in 
D N A base pairs. This type of bond is classified as a “non-conventional，，H-bond. 
It is weaker than conventional H-bonds because both the C and H atoms bear partial 
positive charges and the H O distance may not be shorter than the sum of their van 
der Waals radii. However, this type of bond is considered important in biological 
systems and the intermolecular hydrogen bonds are responsible for recognition, 
interaction, and information transfer during D N A replication (1.2-1.3). 
1.2.1 Experimental Evidences of Hydrogen Bonding 
Experimental techniques useful for the study of hydrogen bonds are mainly 
spectroscopic methods, particularly infrared, Raman, and N M R spectroscopy. Prior 
to 1965, the data were however qualitative in nature which was too simple to describe 
the hydrogen-bonded complex. In the past decade, the hydrogen bonding in crystal 
structures has been analyzed by X-ray or neutron charge density studies, which 
directly determine the electron distribution around the hydrogen atom (1.3). 
Unfortunately, it is difficult to locate the hydrogen atoms in the electron density maps 
produced by X-ray diffraction due to the weak X-ray scattering power of the 
hydrogen atom. On the other hand, neutron diffraction can locate the nuclei of the 
atoms and is capable of providing more precise information on the H-bonds of nucleic 
acid. However, there is relatively few neutron diffraction data available about the 
hydrogen bonding of D N A due to the difficulty of growing large crystals of nucleic 
acid and also the large incoherent neutron-scattering cross-section for hydrogen in 
biological molecules (1.3). These limitations have provided the impetus for the 
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development of a theoretical method for the study of hydrogen bonding. Theoretical 
calculation of hydrogen bonding has been carried out as early as 1968 on water 
systems (1.4). Since then, it has been applied to biological systems such as protein 
and nucleic acids (1.5-1.7). Nowadays, with the advance in computational capacity 
means we are able to calculate the hydrogen bonding in more complex 
biomacromolecules. 
1.3 Three-centered hydrogen bond (TCHB) 
Three-centered hydrogen bond (TCHB) was first proposed by Albrecht and 
Corey in 1939 in the crystal structure of a-glycine (1.8-1.9). The existence of T C H B 
was first identified by neutron diffraction studies from the crystal structure analysis of 
perdeuterated violuric acid (1.10) in 1964 (Fig 1.3.1). Since then, TCHBs have been 
found in many compounds and the crystal structure of biological compounds 
(1.11-1.12) such as amino acids and nucleic acids (Fig 1.3.2). 
Three-centered hydrogen bond 、 
" o ^ 6 _ + z O - H 
、、、、 / C = 0 H-N-H：' 
\ / I 、、、、 、！V ,H、 、 0 = C u z 、、、 X 
J , 、、八 0 -
n "''〇 C = d O 
O 、 " - - 5 -
Fig 1.3.1 TCHB of perdeuterated violuric acid Fig 1.3.2 TCHB of D，L-Serine 
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1.3.1 Definition of Three-centered hydrogen bond (TCHB) 
T C H B is defined as a configuration where a H atom is surrounded by three 
electronegative atoms. The schematic diagram of three-centered H-bond is shown in 
Fig 1.3.1.1. 
/ Base (5，） / / Base (3,) / 
/ I I / 
/ A ( 3 ) - F H ( 4 ) 4 - B(2) / 
02 \ 
/ 7 广⑴-] 
/ Base (3，） / / Base (5,) / 
intermolecular H-bond 
Cross H-bond 
Fig 1.3.1.1 Schematic diagram of a three-centered hydrogen bond 
The H atom is covalently bound to one donor atom and hydrogen bonded to two 
acceptor atoms simultaneously. As mentioned earlier, this is because of the 
"softness" of the hydrogen bond bending force constant and also the large range of the 
hydrogen bond distance. Within the two hydrogen-bonded interactions of TCHB, 
the shorter one is called the major component, and the longer one is called the minor 
component. In nucleic acid，the intermolecular H-bond between base-pairs is 
considered to be the major component while the minor component is considered as 
the three-centered H-bond [H(4) to B(2), H(4) to B,(l)] as illustrated in Fig 1.3.1.1 
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respectively. 
1.3.2 Significance of Three-centered hydrogen bond (TCHB) 
The presence of T C H B in nucleic acids is thought to maintain the stability of 
B-form D N A structure with poly(dA)'poly(dT) (1.13). This proposition is confirmed 
by the study of the extreme propeller twist reported for the central portions (the 
A-tracts) of the double helical dodecamer d ( C G C A A A A A A G C G ) and 
d(CGCAAATTTGCG) (1.14). Moreover, a proton transfer reaction within anion and 
cation radicals of G C base pair has been identified and the flexibility property of 
intermolecular H-bonds allows proton transfer to occur within the base pair under 
excess charge condition (1.15). It opens the possibility that TCHBs along the D N A 
molecules act as a charge transfer pathway through the longitudinal axis under this 
condition. 
1.3.3 Characterization of Three-centered hydrogen bond (TCHB) 
The characterization of T C H B was first reported by Parthasarathy in 1969 in the 
X-ray crystal structure analysis of glycylglycine hydrochloride (1.16). He pointed 
out that the 0i + 02 + C(〜360° (Fig 1.3.1.1) and the hydrogen atom is within 0.2 A 
of the plane defined by A(3), B(2), and B,(l) (1.17). The characterization of TCHB 
has been performed by our research group at the theoretical level. The presence of 
T C H B in D N A has been proposed to be characterized by the Second-order 
perturbative energy of donor-acceptor interactions, E(2) and rraw^ '-hydrogen bond 
J-coupling Constant (ihjxH). 
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1.3.4 Classification of Three-centered hydrogen bond (TCHB) 
T C H B can be divided into two main classes: intramolecular TCHB and 
intermolecular TCHB. Intramolecular T C H B is defined as the minor component of 
the T C H B formed between the different components of the same molecule which is 
acting as a hydrogen-bond donor (Fig 1.3.4.1). 
/ A(3)—H(4)…B(2) 7 
/ Base / Z / Base / 
l I J " • 
Fig 1.3.4.1 Schematic diagram of an intramolecular three-centered hydrogen bond 
Intermolecular T C H B is defined as the major and minor components of the TCHB 
formed between the hydrogen-bond donor molecule and another hydrogen-bond 
acceptor molecule. It is further divided into two types: (i) one that involves one 
hydrogen atom and two acceptor atoms which is called a three-centered bond, and 
(ii) one that involves one acceptor and two H atoms which is called a bifurcated 
bond (Fig 1.3.4.2). 
、(2) 
Fig 1.3.4.2 Schematic diagram of a bifuracted hydrogen bond 
For type (i) intermolecular TCHB, there are also two different types present, one 
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involves both acceptor atoms covalently bonded to the same atom, and the acceptor is 
said to be a chelate, and this is referred to as a chelated three-center bond, which is 
shown in Fig 1.3.4.3. The other one involves the two acceptor atoms being 
covalently bonded to different atoms, and it is on this type of hydrogen bonding 




Fig 1.3.4.3 Schematic diagram of a chelated three-centered hydrogen bond 
Table 1.3.4,1 summarized a comparison between the two-centered (i.e. 
intermolecular H-bonds within base pairs) and T C H B in D N A . 
Table 1.3.4.1 H-bonds in D N A 
Two-centered H-bond Three-centered H-bond 
Number of acceptors One Two 
H-bond distance Shorter Longer 
H-bond angle Close to linear (180°) Bent 
H-bond component Without minor component With minor component 
With intermolecular H-bond beside intermolecular 
only H-bond 
H-bond strength Intermolecular H-bond is Cross strand H-bond is 
stronger weaker 
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1.4 Charge transfer in DNA 
The formation of ion radical and the long distance charge transport in nucleic 
acids may possibly lead to D N A damage within the cell (1.18). The consequence of 
D N A damage will cause apoptosis, mutations, etc. Therefore, understanding the 
locations of excess electrons and holes in irradiated D N A as well as the mechanism of 
electron and hole transfer are important in investigating biological damage. D N A 
charge transport can proceed over long molecular distance (~200A) and Barton et al. 
conducted a series of experimental studies on understanding long distance charge 
transport within D N A double helix (1.19). It was suggested that the base pair stack 
within double helical D N A provides an effective medium for charge transport (1.20). 
Since then, many charge transfer mechanisms have been suggested, which focused on 
the D N A TT-stack mediates oxidative D N A damage over long molecular distances 
(1.21-1.22). 
1.4.1 Theory of DNA charge transfer 
DNA-mediated charge transfer processes can be categorized as either oxidative 
hole transfer or reductive electron transfer. Major efforts have focused on the 
investigation of oxidative hole transfer mechanism. The superexchange, or 
tunneling and multi-step charge hopping mechanism propose that hole is transported 
from donor (D) to acceptor (Ac) through D N A duplexes and the two mechanisms are 
schematically shown in Figure 1.4.1.1 and 1.4.1.2 respectively (1.23). 
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D -〜〜Bi +〜〜Ac D -〜〜B2 +〜〜Ac 
d Ed-^ *D〜〜Ac 
in one step ^ ^Ac 
I: excitation kcT  
D -〜〜Ac + 
D〜〜Ac 
Fig 1.4.1.1 Superexchange mechanism of DNA hole transfer (suggested by Wagenknecht) 
transport trapping 
\ d -〜〜Gi +〜〜Ac D -〜〜G2 +〜〜AC 
E I 
knop \ 
transfer in several steps \ (5 E 
excitation \ trap 
D -〜〜Ac + 
D〜〜Ac 
Fig 1.4.1.2 Multi-hopping mechanism of DNA hole transfer (suggested by Wagenknecht) 
The symbol B and G stand for bases and guanine respectively while D and Ac 
represent donor and acceptor respectively. C T means charge transfer and trap 
means trapping. 
1.4.2 Short and long range hole transfer in DNA 
Experimentally, D N A charge transport was found to be sequence dependent. 
The D N A oxidative charge transfer can be classified into short and long-range hole 
transfer. In general, short-range hole transport within D N A favors when the distance 
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between donor and acceptor is separated by less than three base pairs (1.24). The 
rate of this one-step tunneling process, kcx depends exponentially on the distance R 
between the donor and acceptor and can be analyzed by the Marcus-Levich-Jortner 
equation (1-1), 
kcT a e-^^ (1-1) 
where R> is called the decay constant (1.23). The tunneling mechanism of hole 
transfer is limited to a short distance (<10A) and the rate of the charge transfer is very 
fast (kcT = lO^-lO^V^). However, long-range hole transport within D N A occurs 
usually over 200A and is weakly dependent on distance (1.24). This observation is 
explained by an alternative mechanism, the multi-step hopping model. Guanine (G) 
is the most easily oxidized base because of the guanine radical has the lowest 
reduction potential (1.25-1.26). Hence, in the multi-step hopping mechanism each G 
cation radical (G.+) is proposed to be acting as the intermediate hole carrier. Once 
the positive charge has been created within the D N A , it hops from one G to the next G 
and the intermediate AT base pairs act as a bridge. The positive charge is finally 
trapped in the acceptor which is the G-rich sequence in D N A because of the lowest 
ionization potential (IP). The overall rate of hole transport by multi-hopping 
mechanism depends on the number and distance of hopping steps (N) (1-2), 
kcT a N''^  (1-2) 
where r) is a constant. 
Long distance charge transport depends on the distance of each hopping step and 
each hopping step depends on the number of the AT base pairs. According to the 
Marcus-Levich-Jortner equation, it is too slow for charge transfer to occur if the 
distance between charge donor and acceptor is more than four AT base pairs. 
However, experiments have shown that hole transfer occurs over longer (A:T)n 
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sequence in double strands (1.27); and could be explained by an A-hopping 
mechanism (1.28). Giese et al recently proposes thermodynamically favored 
tunneling between G.+ and G is so slow at long (A:T)n bridges (n>4) that an 
endothermic oxidation of the adjacent A occurs. The positive charge created in A.+ 
can migrate very quickly between the neighboring adenine bases. The 
rate-determining step of this A-hopping mechanism is the oxidation of A by G'+. 
Earlier on, it is mentioned that the possibility of proton migration within the 
intermolecular H-bond N-H N of an oxidized G-C base pair stabilizes the excess 
positive charge and negative charge. Hence, the presence of H-bonds in D N A will 
possibly regulate charge transport which can be called Proton-Coupled Charge 
Transfer. 
1.4.3 Electron transfer in DNA 
Electron transfer reactions in reduced D N A strands are called excess electron 
transfer reactions. However, few studies related to this topic have been reported so 
far. Recently, it has been suggested that the excess electron migration through D N A 
occurs via a hopping mechanism under high temperature (>170K) which involves all 
base pairs and the pyrimidine radical anions C " and T ' act as intermediate electron 
carriers. At low temperature, this reaction is suggested to occur by tunneling 
(1.29-1.30). 
1.4.4 Summary of DNA charge transfer 
In general, the long distance hole transport within D N A occurs by combining 
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two proposed mechanisms which are the hopping between guanine (G) bases and 
tunneling process through the intervening AT pairs within each hopping step. Based 
on the measurements of oxidative damage yields, the positive charge will finally 
localize onto the guanine rich sequence with oxidation occurs preferentially at the 
5'-guanine. If the (A:T)n bridges within two adjacent G-C base pairs are long, the 
adenine will be oxidized and act as a positive charge carrier. The presence of 
intermolecular proton transfer reaction within the G-C base pair will couple with the 
charge transport. The excess electron transfer in D N A is thought to occur in 
pyrimidine bases by tunneling and hopping mechanisms. 
1.5 Thesis Scope 
D N A charge transport has been extensively studied by many research groups. 
Experimental investigation usually follows the procedures outlined below (1.31): 
1) Labeling D N A with redox probes through intercalation or covalent linkages. 
2) Initiating charge transport by photochemical or electrochemical techniques. 
3) Detecting the transfer events by spectroscopic electrochemical, or biochemical 
methods. 
Theoretically, many research groups focus on the calculation of the ionization 
potential (IP) and electron affinity (EA) of the isolated D N A bases (1.32-1.35). Table 
1.5.1 and 1.5.2 summarize the calculated energy of ionization potential and electron 
affinity of four bases respectively. 
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Table 1.5.1 Reported Ionization potential (eV) of D N A bases 
Molecules Sevilla' Walch" 
Adenine ^ ^ 
Cytosine 9.00 8.26 
Guanine 8.04 7.52 
Thymine 9.45 8.66 
a. The ionization potential is calculated at 3-2IG level. 
b. The ionization potential is calculated at B3LYP/6-31G level. 
Table 1.5.2 Reported Electron affinity (eV) of D N A bases 
Molecules Sevilla^  Wetmore 
Adenine ^ -0.40 
Cytosine 0.2 -0.06 
Guanine -0.7 -0.27 
Thymine 0.3 0.14 
a. The electron affinity is calculated at MP2/6-31 +G(D) 
b. The electron affinity is calculated at B3LYP/6-311+G(2df,p) 
Sevilla et al has also calculated the ionization potential of the components of the 
D N A sugar phosphate backbone (1.36). The calculated result showed that the 
ionization potential of nucleobases is lowest while the phosphate backbone has the 
highest ionization potential (base < deoxyribose < phosphate). There are a lot of 
calculated results about the energetic parameters and the structural perturbations of 
the D N A under excess charges condition. However there are only a few detailed 
theoretical studies which focus on the charge locations in D N A and the charge 
transport pathway of D N A . 
This thesis focuses on the charge transfer pathway within the D N A as the 
ultimate goal. In order to investigate charge transfer within D N A , it is necessary to 
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identify the effect of the different moiety of nucleotides to the excess charge. This 
thesis is the first effort studying the excess charge location of D N A molecules using 
trimer D N A units containing sugar-phosphate backbones. 
Moreover, the existence of three-centered H-bonds in different D N A dimer 
sequences is investigated. Sponer et al. (1.37) has studied the bifurcated hydrogen 
bond with the ApA B-DNA step by a simplified model. However, no detailed 
studies on the existence of three-centered H-bonds in various D N A sequence have 
been performed at the theoretical level so far. Furthermore, the effect of excess 
charge condition and base sequence to the bond strength of TCHBs in timer units are 
also studied. This study will provide insights on the possibility of three-centered 
H-bonds acting as a charge transfer medium. In order to freeze a "snapshot", all the 
molecules are fixed into their N M R coordinates and Density Functional Theory (DFT) 
method combined with the Natural Bond Orbital (NBO) analysis are applied. 
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CHAPTER TWO 
THEORY AND METHODOLOGY 
2.1 Introduction 
Quantum mechanics (QM) provides a mathematical description of molecules in 
terms of interactions among nuclei and electrons (2.1). The basis of the quantum 
mechanical method is the Schrodinger equation (2.2). For a multielectron system, 
the Schrodinger equation (2-1) is: 
= E平(2-1) 
Where H is the Hamiltonian operator, ^ is a many-electron waveflinction and E is 
energy. However, this equation cannot be solved exactly even for the simplest 
many-electron system and approximations need to be introduced (2.3). 
The most common type of approximation is called the Hartree-Fock 
approximation. It is based on the variational method in quantum mechanics (2.4) 
and it breaks the many-electron wavefunction into many simpler one-electron 
equations (2.1). The energy of a many-electron system which is calculated by 
Hartree-Fock theory is in the form (2-2): 
gHF _ gnuclear + gcore + gcoulomb + ^ exchange (〗2) 
where: 
Enuciear(he Coulombic replusion of nuclei, 
Ecore is the both electron kinetic energy and Coulombic attraction between electrons 
and nuclei, 
gcouiombis Coulombic replusion of electrons, and 
e^xchange 【he exchange energy resulting from the quantum (fermion) nature of 
electrons. 
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However, the drawback of Hartree-Fock theory is the inadequate treatment of the 
correlation between motions of electrons. It leads to the calculated energies being 
above the exact values and qualitative deficiencies in the description of electronic 
structure (2.5). 
Density Functional Theory (DFT) provides an alternative approach to the 
treatment of correlation in many-electron systems (2.6). In fact, recent studies 
demonstrated that DFT method is important for adequate descriptions of D N A base 
pair structures (2.7). Moreover, it has been successfully applied on the 
characterization of hydrogen bonding in D N A (2.8-2.9) and calculation of D N A ion 
radicals (2.10-2.11). 
DFT method combined with N B O analysis and M O calculation are applied to 
study the three-centered H-bonds in neutral and charged D N A molecules. The brief 
summary of theories and the methodologies of computation methods will be 
mentioned in this chapter. 
2.2 Theory 
2.2.1 Density Functional Theory (DFT) 
The basic theory of DFT is that the minimal energy of a collection of electrons 
under the influence of an external Coulombic field is a unique functional of the 
electron density (2.1). Hence, the energy of a molecule is determined from the 
electron density instead of a wavefunction. The energy of a multi-electrons system 
according to DFT is in the form (2-3): 
EDFT 二 gnuclear + gcore + ^ Coulomb + gX^p) + £。(？）(2-3) 
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where the nuclear, core and Coulomb terms are the same as the Hartree-Fock energy 
but the Hartree-Fock exchange energy is replaced by an exchange functional, E^(P) 
and a new correlation functional, E^(P), is added (2.2). Hence, it includes the 
exchange term and contributions lo the electron correlation energy which is essential 
for biological molecules. Moreover, DFT method is much less computationally 
demanding than the conventional ab initio methods (2.12). 
There are many different density flinctionals used in DFT method. Generally, 
they are denoted as ‘A-B, with the use of A functional for exchange and B functional 
for correlation. In this study, the UB3PW91 (Unrestricted Becke's three-parameter 
hybrid exchange functional with Perdew-Wang 1991 correlation functional (2.13)) 
method is used. UB3PW91 is chosen because it has been applied by Barfield's 
group (2.14) and our group (2.15) to the study of hydrogen bonding in biological 
systems. It is a hybrid functional which includes a mixture of HF exchange with 
DFT exchange-correlation and has the form (2-4): 
Exc = 0.20*Ex(HF) + 0.80*Ex(LSDA) + 0.72*DEx(B88) + 0.81*Ec(PW91) + 
0.19*Ec(VWN) (2-4) 
where: 
Exc is the exchange-correlation term, 
L S D A is the local spin density approximation, and 
PW91 is the non-local correlation provided by the Perdew-Wang 91 expression. 
'2.2.2 Basis Set Selection 
In this study, all the calculations are based on the use of ‘6-311G**，polarization 
basis set (2.16). It represents inner-shell atomic orbitals by a single set of functions 
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(in terms of six Gaussians) and valence-shell atomic orbitals by three sets of functions 
(in term of three, one and one Gaussians). Furthermore, this basis set includes a set 
of d-type polarization functions on main-group elements (the first star) and a set of 
p-type polarization functions on hydrogen (the second star). As a result, this basis 
set was applied and provided an accurate description of the hydrogen bonding system 
in D N A models. 
2.2.3 Natural Bond Orbital (NBO) 
The N B O program (2.17) has been applied by many research groups to study the 
hydrogen bondings and biological system (2.18-2.20). It performs the analysis of a 
many-electron molecular wavefunction in terms of localized electron-pair bonding 
units which is in close correspondence with the one-center (“lone pair") and 
two-center (“bond，，）elements of the chemist's Lewis structure picture. Moreover, 
the N B O algorithm transforms all the orbitals into two classes: high-occupancy 
"Lewis-type" and low-occupancy "non-Lewis-type" orbitals. The former orbitals 
refer to core orbitals (CR), valence lone pairs (LP), a or TT bonds (BD). The latter 
orbitals refer to a* or TI* antibonds (BD*) and extra-valence shell Rydberg orbitals 
(RY*). In fact, N B O methods encompass a series of methods, including natural 
population analysis (NPA) and perturbative analysis of N B O Donor-Acceptor 
interactions (E(2)) (2.21-2.22). Underlying such methods are the sets of natural 
atomic orbitals (NAOs), hybrid orbitals (NHOs), and bond orbitals (NBOs), as well as 
associated semi-localized molecular orbitals (NLMOs). 
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2.2.3.1 Natural Population Analysis (NPA) 
Population analysis is a mathematical way of partitioning a wave function or 
electron density into charges on the atom (2.1). The N P A methods are considered to 
build upon the concept of natural orbitals and based on occupancies of the 
orthonormal natural atomic orbitals on each center (2.22). Its starting point is a 
partitioning of the density matrix, P, and the overlap matrix, S，into atomic blocks. 
While atomic charges cannot be determined experimentally, the N P A method is 
applied to determine net charge associated with each atom in a polyatomic molecule 
and Richardson (2.23) has applied the N P A method to study the anion radical of D N A 
base pair. It is chosen because the N P A method exhibits excellent numerical stability 
and seems to describe better the charge distributions in compounds (2.21). 
2.2.3.2 E(2) energy 
The N B O theory describes the formation of a A-H…B hydrogen bond as a 
charge transfer (donor-acceptor) interaction. It is caused by electron/charge transfer 
from the occupied molecular orbital (lone pair n(B) of the acceptor B atom) into the 
vacant molecular orbital (antibonding orbital a* (AH) of the donor A). The relative 
strength of the intermolecular and the T C H B can then be estimated by calculating the 
energy lowering effect of E(2), which is caused by n(B) — a*(AH) delocalization 
from the second order perturbation analysis. The estimated second-order energy 
lowering is given by the equation (2-5) 
A E ⑵ = -2<nB|F|a*AH>' /(eAH-£n) (2-5) 
where: 
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F is the Fock operator, 
SAH-Sn is the orbital energies difference between antibonding orbital of the hydrogen 
bond donor and donor orbital of the lone pair of the hydrogen bond acceptor. 
This type of donor-acceptor and hence charge transfer interaction is depicted in 
Figure 2.2.3.2.1. 
nB - ^ o *AH C T interaction 
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Fig 2.2.3.2.1 Schematic N B O diagram for donor-acceptor interaction between a lone 
pair and antibonding orbital 
2.2.3.3 Bond Index 
Wiberg's bond index (WBI) (2.24) in N B O program is used to measure the M O 
bond order, which is obtained from the sum of squared off-diagonal density matrix 
elements between atoms. The equation (2-6) of the bond index of a bond A-B is: 
BIab- SIppq' (2-6) 
where: 
BI is Bond index, and 
Ppq is density matrix. 
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2.2.4 Spin-Spin Coupling Constants 
The study of nuclear spin-spin coupling constants is based on finite perturbation 
method (2.25). This technique calculates the waveflinction of a molecule under a 
finite perturbation and then compares the electron density with those in the 
unperturbed molecule. The theory of nuclear spin-spin coupling is formulated by 
Ramsey (2-7) (2.26): 
J=JFC + JDSO + Jpso + JsD (2-7) 
where: 
J is the coupling constant, 
JFC is the Fermi contact contribution, 
JDSO is the diamagnetic spin-orbit contribution, 
Jpso is the paramagnetic spin-orbit contribution, and 
JsD is the spin-dipole contribution. 
The Fermi contact contribution is the interaction between the electron and the 
nuclear spins. Diamagnetic spin-orbit contribution and paramagnetic spin-orbit 
contribution are the orbital-dipole interaction between the magnetic field. 
Spin-dipole contribution is the magnetic dipole-dipole interaction between the 
magnetic dipoles of the spinning electron and the nuclear spin. However, the FC 
contribution is dominant in the scalar spin-spin coupling involving the hydrogen atom 
and the calculation is based on this term alone (2.25). 
In the finite perturbation approach, the reduced coupling constant (KAB) for the 
Fermi contact term is expressed as (2-8): 
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6 4 2 
K A B = • Z p a - p (IUB) < J 5 ( r B ) | ( K > (2-8) 
where: 
B is the Bohr magneton, 
X is the perturbation parameter, 
p^ v 冲(l^ p) is the spin-density matrix, 
(J) ^  and 0 V are the atomic orbitals, and 
d (re) is the Dirac-delta function. 
The relationship between the reduced coupling constant (KAB) and the ordinary 
spin-spin coupling constant JAB is in the equation (2-9): 
JAB = 兀2 )yAyBKAB (2-9) 
where: 
h is Planck constant, and 
YAand ye are the nuclear magnetogyric ratio for the nuclei A and B respectively. 
Normally, the nuclear spin-spin coupling constant Jab is obtained from equation 
(2-9). 
2.2.5 Molecular Orbital (MO) 
The study of the molecular orbital is to reveal the electronic property of the D N A 
units. An orbital is based on the wavefunction of a single electron. It can be 
classified as atomic orbital (AO) where only one nucleus is present, and molecular 
orbital (MO) where more nuclei are present. The value of the orbital indicates the 
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probability distribution of the electron in the space of the fixed nuclei (2.16). Two 
types of orbitals are focused on in this study. 1) The highest occupied molecular 
orbital ( H O M O ) which represents the distribution and energy of the least tightly 
bound electron in the molecule. Moreover, the location of the H O M O indicates the 
site where the electron is most preferable to be donated. 2) The lowest unoccupied 
molecular orbital (LUMO) represents the site which is easiest to accommodate an 
addition electron in the molecule. 
2.3 Methodology 
2.3.1 Test calculation for TCHBs by NBO 
The energy of the TCHBs system of Diacetamide-HCN dimers has been studied 
by Parra et al (2.27). The bond energy in their study is obtained from the 
interaction energy of the molecule. N B O program is applied on this molecule to 
compare the calculated energy with the data from Parra's group. It is found that the 
T C H B energy (2.98 kcal/mol) calculated from N B O program is correlated well with 
the bond energy (3.04 kcal/mol) obtained from Parra's group with a difference of 
about 2%. These results indicate that N B O program is suitable to be applied on the 
hydrogen bonding systems. 
2.3.2 Geometry Optimization 
D N A dimers and trimers units with inclusion of phosphate backbone are studied. 
The detailed structures of the studied models will be shown in chapters 3 and 4. 
Generally, all the models were extracted from the N M R solution structures of Protein 
Data Bank (PDB). Moreover, hydrogen atoms added to the phosphate backbone of 
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the extracted structures by using Weblab Viewer. Partial optimization was carried 
out to optimize the positions of the added hydrogen atoms while all other atoms were 
fixed during optimization. DFT methods were utilized to calculate the D N A units at 
the UB3PW91/6-311G** level in GAUSSIAN 98 program (2.28). All the water 
molecules and metal ions were removed because studies were primarily focused on 
the interaction between the base pair. 
2.3.3 NBO analysis 
N B O analysis was performed to the optimized neutral D N A dimers and trimers 
in their neutral, cation and anion states. It is done by removing an electron (cation 
state) and adding an electron (anion state) respectively. No optimization has been 
carried out for the charged trimers before the N B O analysis. The geometry of the 
charged trimers are then the same as the neutral models. The N P A analysis and E(2) 
calculation were performed with the N B O 3.1 program linked to Gaussian 98 and 
Gaussian 03. 
To study the individual hydrogen bond strength of the D N A dimers and trimers, 
the E(2) energies of these models were studied with the E2PERT keyword in N B O 
program. Furthermore, in order to clarify that the calculated data belongs to the 
orbital interaction of the donor and acceptor atoms rather than the computational 
errors, only the resulting energy that exceeds 0.06 kcal/mol would be counted. 
Moreover, the corresponding Wiberg bond index (WBI) could be obtained with the 
B N D I D X keyword in the calculation. 
The charge locations of D N A molecules and the charge transfer process of 
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TCHBs under different charge states were studied by performing N P A analysis to the 
whole molecules and individual atoms of the TCHBs respectively. It was obtained 
with the POP=NPA keywords in N B O program. 
2.3.4 J-coupling constants (^^Jhx) and MO calculations 
The optimized structures of the natural D N A dimer and trimer units were used in 
the calculation of the Fermi contact (FC) contributions to the scalar coupling 
constants. It was performed at the unrestricted UB3PW91/6-31IG** level to 
observe the interaction within the hydrogen bonds. The calculation provided 
supportive information in investigating the hydrogen bonding systems of D N A 
molecules and was obtained by the FIELD keywords linked with Gaussian 98 
program. 
The molecular orbitals of both dimer and trimer units were obtained via Gaussian 
98 and 03 programs linked with GaussView. Moreover, the position of the H O M O s , 
L U M O s and the electronic properties of the D N A models were determined by 
POP=MO keywords in the calculation. 
2.4 Summary 
In this chapter, the theory and methodology of different computational methods 
including DFT, J-coupling, M O and N B O were briefly reviewed. Furthermore, by 
comparing the computed data performed by N B O program and Parra's group, it is 




RESULTS AND DISCUSSION — HYDROGEN BONDING IN DNA 
3.1 Introduction 
The presence of Three-centered hydrogen bonds (TCHBs) in nucleic acids is 
thought to maintain the stability of B-form D N A structure with poly(dA).poly(dT). 
Moreover, the formation of TCHBs with drug complexes is suggested to occur in 
minor-groove of A-tract D N A (3.1-3.2). Thus, T C H B is expected to play a 
significant role in biological systems. However, there is limited experimental data 
which is related to TCHBs in biological systems due to the difficulty in identifying 
and investigating TCHB. In this chapter, the intermolecular H-bonds in the ten 
different D N A dimers are calculated and characterized theoretically. This is 
followed by an investigation of the strengths of TCHBs in dimer units and to 
determine whether there is sequence dependence presence in T C H B by utilizing DFT 
and N B O studies. 
3.2 Method for extracting DNA dimer models 
D N A is a biological polymer and the most fundamental repeating unit is a dimer 
system. The systemic diagram of a D N A dimer unit is shown in Figure 3.2.1. 
/ Sugar | Sugar \ 
y / ^ ^ ^ Base HZZ： Base  
,, Backbone 
Backbone  
Z Base Base \  
^ ^ Sugar ] Sugar , 
Fig 3.2.1 Schematic diagram of a DNA dimer unit 
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There are ten possible combinations of dimer units in D N A . In order to demonstrate 
the existence of T C H B originated from different D N A sequences, all the ten dimer 
units were studied. The standard nomenclature of D N A dimer is shown in Fig. 3.2.2 
(a)-(j). For convenience, an abbreviated nomenclature X Y is used to indicate the 
D N A dimer unit. X represents the 5'-end base and Y represents the 3,-end base i.e. 
A9C10 refers to the 5'-end A9 base and 3'-end CIO base. 
The ten models were extracted from protein data bank and all the water 
molecules and metal ions were removed because studies were focused primarily on 
the interaction between base pairs. Hydrogen atoms were then added to the 
phosphate backbone of the dimer units and optimization on hydrogen atoms was 
carried out to find their optimum positions. N B O studies were then applied on the 
ten dimer models to investigate their intermolecular H-bonds and to locate the 
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3.3 Computed results of Intermolecular H-bonds of the ten dimer models 
3.3.1 Geometric parameters 
The bond distances and bond angles of inter N-H---0，N-H---N and C - H — O 
H-bonds of the ten dimer models are shown in Table 3.3.1.1. In general, the A-H 
covalent bonds are shorter than H…B hydrogen bonds. The mean values of imino 
N-H, amino N-H and C-H bonds of these ten models are 1.01, 1.02 and 1.09 A 
respectively which are in agreement with experimental values derived from crystal 
structure of the N-H and C-H bonds, being 1.01 人 and 1.08 A respectively (3.3). 
For the H---B distance of C-H---O bonds, it is around 2.70 A. It is longer than the 
N-H---O and N-H---N H-bonds where their distances are around 1.89 人 and 1.80 A 
respectively. It correlates well with the experimental data that the range of N-H---O 
bond distance is from 1.83 人 to 2.17 A and N-H---N bond distance is from 1.78 A to 
2.02 A (3.4). 
The bond angles of conventional N-H…O and N-H---N hydrogen bonds are 
close to being linear with a mean angle of 163.0° and 169.0° respectively. A large 
deviation from linearity is observed for all C-H---O H-bonds and the mean bond angle 
is around 125.6°. It is suggested that the sp^ hybridization of the carbonyl group of 
adenine results in bending of the bond angle to around 120° (3.5). Furthermore, the 
deviation of N-H…O hydrogen bonds from linearity is because of the 
pyrimidalization of amino NH2 group (3.6-3.7). The amino nitrogen atom belongs to 
exocyclic nitrogen and it is quite flexible. It results in formation of a conventional 
hydrogen bond with less linearity when compared with the N-H---N conventional 
hydrogen bond where the nitrogen atom is bonded in a conjugated ring and hence is 
less flexible. 
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Table 3.3.1.1 Values for bond lengths and bond angles associated with 
intermolecular hydrogen bond for ten D N A dimer models 
d(A-H) (A) a d(H B) (A) b a(A-H B) (。)。~ 
A-H B 
A A dimer 
A8H6"T1704 1.01 2.17 154.6 
T17H3"A8N1 1.00 1.69 177.7 
A8H2"T1702 1.09 2.44 134.0 
A9H6"T1604 1.01 2.38 135.2 
T16H3-A9N1 1.00 1.69 170.9 
A9H2 …T1602 1.09 2.45 130.0 
A C dimer 
A9H6-T1604 1.01 2.38 135.3 
T16H3"A9N1 1.01 1.69 170.8 
A9H2 …T1602 1.09 2.45 129.9 
C10H4-G1506 1.01 2.02 136.5 
G 1 5 H r C 1 0 N 3 1.01 1.73 164.7 
G15H2"C1002 1.01 1.61 163.3 
A G dimer 
A5H6-T2004 1.01 1.87 163.3 
T20H3-A5N1 1.01 1.73 168.8 
A5H2"T2002 1.09 2.67 135.0 
C19H4-G606 1.01 1.72 155.9 
G6H1"C19N3 1.01 1.73 167.9 
G6H2.C1902 1.01 1.68 164.6 
AT dimer 
A5H6"T2304 1.00 1.87 166.3 
T23H3"A5N1 1.00 1.86 163.2 
A5H2-T2302 1.08 3.10 117.2 
A22H6...T604 1.00 1.88 172.9 
T6H3"A22N1 1.00 1.89 163.2 
A22H2...T602 1.08 3.11 115.2 
C C dimer 
C1H4-G2006 1.03 1.89 168.2 
G20Hr_ClN3 1.04 1.77 177.9 
G20H2-C102 1.02 1.88 179.5 
C 2 H 4 - G 1 9 0 6 1.04 1.82 176.4 
G19Hr-C2N3 1.04 1.84 177.0 
G19H2"C202 172.0 
a. d (A-H) denotes the bond length between the hydrogen and the hydrogen bond donor 
b. d (H…B) denotes the interatomic distance between the hydrogen and hydrogen bond acceptor 
C. a (A-H…B) denotes the angle between the hydrogen donor, hydrogen and hydrogen acceptor. 
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Table 3.3.1.1 Values for bond lengths and bond angles associated with 
intermolecular hydrogen bond for ten D N A dimer models (Cont'd) 
d(A-H) (A) d(H…B) (A) A-H…B Q 
A-H B 
C G dimer 
C5H4"G1606 1.04 1.85 177.6 
G16H1-C5N3 1.04 1.86 175.3 
G16H2"C502 1.03 1.79 179.0 
C15H4"G606 1.04 1.85 177.8 
G6H1-C15N3 1.04 1.86 175.2 
G6H2-C1502 1.03 1.78 178.9 
G C dimer 
C11H4"G606 1.01 1.92 158.8 
G 6 H 1 - C 1 1 N 3 1.01 1.98 169.4 
G6H2"C1102 1.01 1.99 169.8 
C7H4"G1006 1.01 1.99 142.4 
G10Hr.C7N3 1.01 1.97 144.7 
G10H2-C702 1.01 1.97 152.4 
TA dimer 
A13H6"T404 1.01 2.10 162.9 
T4H3-..A13N1 1.01 1.94 161.8 
A13H2-T402 1.08 2.83 115.7 
A5H6"T1204 1.01 2.12 167.6 
T12H3 "ASNl 1.01 1.90 168.9 
A5H2-T1202 1.08 2.67 128.9 
TC dimer 
A7H6'-11804 1.01 1.96 159.5 
T18H3"A7N1 1.01 1.74 176.6 
A7H2"T1802 1.09 2.83 123.5 
C19H4"G606 1.01 1.72 155.8 
G6H1-C19N3 1.01 1.73 167.6 
G6H2-C1902 1.01 1.68 164.5 
T G dimer 
A4H6"T2104 1.01 1.65 166.2 
T21H3 …A4N1 1.01 1.73 173.6 
A4H2-T2102 1.09 2.86 126.3 
C3H4-G2206 1.01 1.62 170.9 
G22H1"C3N3 1.01 1.73 164.5 
G22H2"C3Q2 m 160.2 
a. d (A-H) denotes the bond length between the hydrogen and the hydrogen bond donor 
b. d (H…B) denotes the interatomic distance between the hydrogen and hydrogen bond acceptor 
C. a (A-H…B) denotes the angle between the hydrogen donor, hydrogen and hydrogen acceptor. 
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3.3.2 Natural Bond Orbital (NBO) Analysis 
3.3.2.1 E(2) and Wiberg Bond index 
N B O analysis is a quantum-chemical method which has been successfully 
applied to hydrogen bonding systems (3.8). The hydrogen bond energy of the ten 
dimer models can be calculated using the concept of donor-acceptor interactions. 
According to the E(2) theory, an intermolecular H-bond, A-H---B, when the lone pair, 
«(B), mixes with the empty anti-bond orbital a*(AH), two new hybrid orbitals are 
generated. As a result, the E(2) energy is obtained from a*(DH) 
delocalization of the H-bonds which has been mentioned in Chapter 2. 
The E(2) energies and bond indices calculated by UB3PW91/6-311G** basis 
sets are listed in Table 3.3.2.1.1. Both the conventional and non-conventional 
H-bonds interactions have been identified. Generally, the strength of conventional 
H-bonds is stronger than non-conventional H-bonds and N-H---N bond is the 
.strongest of the three types of intermolecular H-bonds. The mean E(2) energy of 
N-H…N bond is around 22.8 kcal/mol, whereas for N-H---O bond it is around 13.95 
kcal/mol. For the C-H---O bond, its E(2) energy is much weaker at around 0.40 
kcal/mol. The bond strengths of intermolecular H-bonds are then in the descending 
order of N-H---N > N-H---O » C-H---O. This is in agreement with the description 
of Jeffery (3.9) that the conventional H-bond is classified as a strong hydrogen bond 
and the non-conventional H-bond is classified as a weak hydrogen bond. 
It is found that the dimer models with more inter G-C base pairs have a larger 
hydrogen bond energy which is in agreement with the experimental data (3.10). 
This is because there are three conventional H-bonds in G-C base pair with two 
N-H---O and one N-H…N bonds. While for A-T base pair, there is only one 
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N-H---N and one N-H---0 H-bonds with the addition of one very weak 
non-conventional C-H---O H-bond. However, particularly weak intermolecular 
H-bonds are found in G C dimer. This is due to the poor overlapping between lone 
pair orbitals and anti-bonding orbitals. This finding is parallel to the N-H---N bond 
angle and N-H---O bond angle obtained in the C7-G10 base pair of G6C7, which 
deviate significantly from linearity, with a bond angle of about 140°. Besides, no 
C-H---O interaction has been identified in the AT dimer because the distance of 
C-H---O bonds are longer than 3.00 A, which exceeds the upper limit of C-H---O 
bond distance (2.95 A) (3.9). Hence, these interactions are not strong enough to be 
found. 
Unlike the strong covalent bond, hydrogen bonds are not the actual bonds 
formed by sharing of electrons, but the bond indices of the H-bonds can be 
determined by performing an N B O analysis. Since the Wiberg bond index (WBI) 
measures the covalency of a bond, it indicates the degree of covalent character that 
the hydrogen bond possesses. The covalent contribution arises from overlapping of 
the orbitals on hydrogen atoms with atoms that act as hydrogen bonds acceptor. 
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Table 3.3.2.1.1 Values for energetic parameters (E(2), bond index) of intermolecular 
hydrogen bonds for ten dimer models by N B O analysis^  
A H B E(2), dimer bond index ^  
(kcal/mol)  
A A dimer 
A8H6...T1704 4.24 0.0161 
T17H3...A8N1 33.26 0.0928 
A8H2-T1702 0.82 0.0039 
A9H6"T1604 1.36 0.0086 
T16H3"A9N1 31.24 0.0931 
A9H2 …T1602 0.68 0.0035 
71.60 c  
A C dimer 
A9H6-T1604 1.68 0.0087 
T16H3-A9N1 30.12 0.0875 
A9H2-T1602 0.68 0.0037 
C10H4"G1506 3.94 0.0226 
G15Hr"C10N3 23.99 0.0702 
G15H2-C1002 29.01 0.0692 
89.24 c  
A G dimer 
A5H6 •T2004 11.68 0.0343 
T20H3"A5N1 28.58 0.0851 
A5H2-T2002 0.42 0.0029 
C19H4-G606 20.54 0.0624 
G6H1"C19N3 27.40 0.0761 
G6H2-C1902 23.00 0.0591 
111.62c  
AT dimer 
A5H6-T2304 12.34 0.0422 
T23H3"A5N1 18.08 0.0598 
A5H2-T2302 0.00 0.0000 
A22H6-T604 12.56 0.0427 
T6H3-A22N1 15.96 0.0553 
A22H2"T602 0.00 0.0000 
58.94 c  
C C dimer 
C1H4-G2006 13.32 0.0479 
G 2 0 H 1 - C 1 N 3 19.24 0 .0632 
G20H2-C102 17.25 0.0491 
C2H4"G1906 18.58 0.0638 
G19H1 •C2N3 18.38 0.0608 
G19H2〜C202 13.73 0.0403 
100.50 c  
a. UB3PW91/6-311G** is applied for the NBO calculation 
b. Refers to Wiberg Bond Index 
C. The sum of E(2) of all intermolecular hydrogen bonds in dimer unit 
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Table 3.3.2.1.1 Values for energetic parameters (E(2), bond index) of intermolecular 
hydrogen bonds for ten dimer models by N B O analysis^  (Cont'd) 
A H B E(2), dimer bond index ‘ 
(kcal/mol)  
C G dimer 
C5H4-G1606 16.16 0.0585 
G16H1"C5N3 21.22 0.0726 
G16H2-C502 16.66 0.0548 
C15H4-G606 16.76 0.0606 
G 6 H r C 1 5 N 3 21.58 0.0731 
G6H2"C1502 17.08 0.0555 
109.48 c  
G C dimer 
C11H4"G606 10.08 0.0350 
G6H1-C11N3 12.64 0.0432 
G6H2-C1102 8.32 0.0278 
C7H4-G1006 3.72 0.0213 
G10Hr-C7N3 8.08 0.0304 
G10H2-C702 6.26 0.0198 
49.10 e  
TA dimer 
A13H6-T404 5.44 0.0260 
T4H3"A13N1 14.62 0.0531 
A13H2-T402 0.06 0.0009 
A5H6-T1204 5.18 0.0224 
T12H3"A5N1 17.56 0.0588 
A5H2-T1202 0.28 0.0018 
43.14 c  
TC dimer 
A7H6".T1804 8.34 0.0281 
T 1 8 H 3 " A 7 N 1 29.74 0 .0887 
A7H2-T1802 0.12 0.0015 
C19H4-G606 20.36 0.0624 
G6Hr"C19N3 27.56 0.0772 
G6H2"C1902 22.72 0.0592 
108.84 c  
T G dimer 
A4H6-•T2104 27.60 0.0747 
T21H3 …A4N1 29.44 0.0837 
A4H2"T2102 0.16 0.0019 
C3H4-G2206 32.26 0.0854 
G22Hr-C3N3 27.24 0.0794 
G22H2-C302 18.42 0.0564 
135.12 c  
a. UB3PW91/6-311G** is applied for the NBO calculation 
b. Refers to Wiberg Bond Index 
C. The sum of E(2) of all intermolecular hydrogen bonds in dimer unit 
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3.3.2.2 The relationship between E(2) and bond distance 
The N B O results of the ten dimer models show that there is correlation between 
the bond strength and bond distance of intermolecular H-bonds. In fact, recent 
studies have shown that geometry criteria should contribute largely to determining the 
strength of hydrogen bond (3.11). In an attempt to investigate the correlation 
between the energetic and structural parameters, the E(2) energy of the two 
conventional H-bonds (N-H---N and N-H---O) and the non-conventional H-bond 
(C-H---O) of the ten dimer models are plotted against bond distance and the results 
are shown in figure 3.3.2.2.1. 
Figure 3.3.2.2.1a shows the hydrogen bond strength declines exponentially with 
bond distance. It is observed that hydrogen bond strength decreases significantly 
under short bond distance (<2.00 人 ） a n d then continues to decline gently. For the 
N - H — N (figure 3.3.2.2.1b) and C - H — O H-bonds (figure 3.3.2.2.1c), a linear 
relationship E(2) oc 1/R is obtained. It indicates that the strength of these two type of 
H-bonds depend inversely on the bond distance. The relationship between the bond 
strength and bond distance of N-H---N H-bonds can be expressed by equations (3-1): 
E(2) energy (kcal/mol) = -67.94x (bond distance A) + 145.67 
R2=0.9309 (3-1) 
and for the C - H — O H-bond (3-2) is 
E(2) energy (kcal/mol) 二 -1.5577x (bond distance A) + 4.5305 
R2=0.9463 (3-2) 
The relationship between the N-H---O H-bond distance and E(2) energy is 
different from the trend of N-H---N and C-H---O H-bonds. As suggested earlier, the 
upper limit of the range of N-H---O H-bonds is about 2.17 A. However, some of the 
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N - H — O bonds found in the D N A models are between 2.20-2.40 A. These 
interactions exceed the normal bond range and so they do not have much difference in 
strength even when the bond distance varies. While for the N-H---N and C-H---O 
H-bonds, all the identified intermolecular H-bonds are within their normal bond range 
as discussed in section 3.3.1. These interactions are then significant and depend 
heavily on the bond distance with a linear relationship. 
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Fig 3.3.2.2.1a The relationship between bond distance and E(2) energy of 
intermolecular N-H…O type H-bonds of the dimer units. 
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Fig 3.3.2.2.1b The relationship between bond distance and E(2) energy of 
intermolecular N-H—-N type H-bonds of the dimer units. 
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Fig 3.3.2.2.1c The relationship between bond distance and E(2) energy of 
intermolecular C-H---0 type H-bonds of the dimer units. 
3.3.2.3 The relationship between E(2) and bond angle 
The correlation between E(2) energy of intermolecular H-bonds and bond angle 
is shown in figure 3.3.2.3.1. It is found that when the bond angles are close to linear, 
the strength of H-bonds increases. However, it is surprising to note that the bond 
strength is not the strongest when the bond angle reaches 180°. For instance, in the 
case of the N-H—-O bond, the strength of H-bond starts to decline from its maximum 
value (at -170®) even when the bond angle continues to approach 180®. This is the 
same situation with the N-H---N type H-bond where the bond strength is strongest at 
178°. For the non-conventional C-H---O bond, the bond strength is roughly 
proportional to the bond angle and is strongest at about 132°. Based on the 
calculated result, it can be proposed that the optimum bond angles for the two 
conventional H-bonds N-H---N and N - H O are around 180° and 170® respectively, 
while for the C-H…O H-bond, the optimum bond angle is around 130 It correlates 
well with the properties of strong hydrogen bonds which are strongly directional and 
it is weakly directional for the non-conventional weak hydrogen bonds (3.9). 
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Fig 3.3.2.3.1a The relationship between bond angle and E(2) energy of 
intermolecular N-H…O H-bonds of the dimer units 
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Fig 3.3.2.3.1c The relationship between bond angle and E(2) energy of 
intermolecular C-H---O H-bonds of the dimer units 
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3.3.2.4 The relationship between E(2) and bond index 
The E(2) energy of the intermolecular H-bonds is consistent with their W B I and 
the result is shown in figure 3.3.2.4.1. A linear relationship between the E(2) energy 
and W B I is observed. The trend of the W B I values is in the order of N-H…N > 
N-H…O » C-H…O. The corresponding equation (3-3) for amino N-H---O 
H-bonds is: 
E(2) energy (kcal/mol) 二 392.14x(WBI) — 3.2345 
R2 = 0.9391 (3-3) 
While the corresponding equation (3-4) for imino N-H…N H-bonds is: 
E(2) energy (kcal/mol) = 408.25x(WBI) - 5.8646 
R2= 0.9648 (3-4) 
And the equation (3-5) for the non-conventional C-H…O H-bonds is: 
E(2) energy (kcal/mol) = 252.4x(WBI) - 0.5317 
R2 = 0.9530 (3-5) 
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Fig 3.3.2.4.1a The relationship between Wiberg bond index and E(2) energy of 
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Fig 3.3.2.4.1c The relationship between Wiberg bond index and E(2) energy of 
intermolecular C-H---O H-bonds of the dimer unit 
The excellent agreement between the E(2) energy and W B I implies the donor 
acceptor interaction of the intermolecular H-bonds is correlated with their bond order. 
As mentioned previously, W B I is a measure of bond order and so it can be used as an 
index to reveal the degree of covalency of the intermolecular H-bonds. The WBIs of 
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all the intermolecular H-bonds are smaller than 0.1 which implies the degree of 
orbitals overlapping of intermolecular H-bonds is much weaker than the C-C covalent 
bond with bond index value equals to 1.0. 
3.3.3 Spin-Spin Coupling Constants of intermolecular H-bonds 
When a hydrogen bond is formed, the scalar interaction is transmitted via the 
electron cloud of the molecules. There are a number of N M R parameters which can 
provide insight into the nature of the electron cloud of hydrogen bond and its 
interaction with the nuclei of the donor and acceptor groups (3.12). The commonly 
used one is the one-bond trans-hydxogtn bond coupling (3.13). The calculations of 
FC term of the J-coupling were performed between the hydrogen atoms and the 
H-bond acceptors. The calculated scalar coupling constants (''^ JXH) between the H 
and heavy atoms that are nitrogen and oxygen of intermolecular H-bonds are listed in 
Table 3.3.3.1. The range of of N - H — N intermolecular H-bonds is between 
23.00 to 40.00 Hz with the average value of 30.94 Hz. The trans-hydrogen bond 
one-bond JQH of inter amino N-H---O bonds has a much wider range from 6.70 to 
104.00 Hz with the average value of 52.81 Hz. While for the non-conventional 
C-H---O bond, the ^ J^NH are either positive or negative with the range spanning -1.44 
to 2.00 Hz. In fact, the nuclear spin-spin couplings are related to the hydrogen bond 
geometries, thus the distance and degree of overlapping (3.14-3.15). 
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Table 3.3.3.1 Calculated scalar coupling constants, ^^ JXH, (X=N or O) for the 
intermolecular H-bonds of ten dimer models 
A H B Donor a Acceptor ’ ^^ JXH(Hz)^  ~ 
A A dimer 
A8H6"T1704 A8N6 T1704 18.44 
T17H3...A8N1 T17N3 A8N1 30.64 
A8H2-T1702 A8C2 T1702 2.00 
A9H6...T1604 A9N6 T1604 6.27 
T16H3...A9N1 T16N3 A9N1 32.14 
A9H2"T1602 A9C2 T1602 1.49 
A C dimer 
A9H6...T1604 A9N6 T1604 6.47 
T16H3"A9N1 T16N3 A9N1 32.95 
A9H2-T1602 A9C2 T1602 1.90 
C10H4"G1506 C10N4 G1506 32.05 
G15Hr"C10N3 G15N1 C10N3 36.86 
G15H2-C1Q02 G15N2 C1QQ2 103.59 
A G dimer 
A5H6"T2004 A5N6 T2004 54.44 
T20H3-A5N1 T20N3 A5N1 29.61 
A5H2-T2002 A5C2 T2002 -0.92 
C19H4..G606 C19N4 G606 76.16 
G6Hr"C19N3 G6N1 C19N3 38.36 
G6H2..C1902 G6N2 CI 902 86.23 
AT dimer 
A5H6-T2304 A5N6 T2304 45.71 
T23H3"A5N1 T23N3 A5N1 32.49 
A5H2 •T2302 A5C2 T2302 -1.03 
A22H6"T604 A22N6 T604 43.91 
T6H3 ••A22N1 T6N3 A22N1 30.83 
A22H2..T602 A22C2 T602 -1.03 
C C dimer 
C1H4...G2006 C1N4 G2006 47.97 
G20H1-C1N3 G20N1 C1N3 32.06 
G20H2-C102 G20N2 CI 02 67.28 
C2H4..G1906 C2N4 G1906 57.26 
G19Hr-C2N3 G19N1 C2N3 29.64 
G19H2"C202 G19N2 C202 57.01 
a. Refers to the H-bond donor 
b. Refers to the H-bond acceptor 
c. ihjxH refers to the trans hydrogen bonding scalar coupling constant between H and X 
atoms 
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Table 3.3.3.1 Calculated scalar coupling constants, ^^ JXH, (X=N or O) for the 
intermolecular H-bonds of ten dimer models (cont'd) 
A H B Donor A Acceptor ‘ ^^ JXH(HZ)^  —  
C G dimer 
C5H4"G1606 C5N4 G1606 52.59 
G 1 6 H r C 5 N 3 G16N1 C5N3 19.76 
G16H2...C502 G16N2 C502 59.37 
C15H4"G606 C15N4 G606 53.31 
G6H1"C15N3 G6N1 C15N3 30.34 
G6H2...C1502 G6N2 C1502 60.45 
G C dimer 
C11H4-G606 C11N4 G606 46.32 
G6H1-C11N3 G6N1 C11N3 26.11 
G6H2...C1102 G6N2 CI 102 39.96 
C7H4"G1006 C7N4 G1006 38.78 
GlOHl "CTNS GlONl C7N3 23.08 
G10H2.C702 G1QN2 C702 46.58 
TA dimer 
A13H6..T404 A13N6 T404 20.08 
T4H3-A13N1 T4N3 A13N1 26.99 
A13H2"T402 A13C2 T402 -1.69 
A5H6 …T1204 A5N6 T1204 22.60 
T12H3..A5N1 T12N3 A5N1 28.68 
A5H2'T1202 A5C2 T1202 -1.44 
TC dimer 
A7H6...T1804 A7N6 T1804 37.29 
T18H3"A7N1 T18N3 A7N1 27.69 
A7H2"T1802 A7C2 T1802 -1.64 
C19H4..G606 C19N4 G606 76.11 
G6H1"C19N3 G6N1 C19N3 37.67 
G6H2-C1902 G6N2 CI 902 86.69 
T G dimer — 
A4H6..T2104 A4N6 T2104 82.07 
T21H3-A4N1 T21N3 A4N1 32.95 
A4H2..T2102 A4C2 T2102 -0.92 
C3H4..G2206 C3N4 G2206 83.92 
G22H1"C3N3 G22N1 C3N3 39.90 
G22H2"C302 G22N2 C302 75.24 
a. Refers to the H-bond donor 
b. Refers to the H-bond acceptor 
C. ihjxH refers to the trans hydrogen bonding scalar coupling constant between H and X 
atoms 
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3.3.3.1 The relationship between spin-spin coupling constant and bond distance 
The relationship between spin-spin coupling constant and H-bonds distance is 
shown in figure 3.3.3.1.1. The fermi contact term that contributes to the spin-spin 
coupling constant is found to be distance-dependent, which generally increases when 
the H-bond distance decreases. This is in agreement with Dingley as he pointed out 
that the H-bond coupling constants are correlated with the H-bond distance (3.16). 
This trend is found to be linear for the amino N-H---O H-bonds and can be expressed 
in equation (3-6): 
ihjxH (Hz) = -119.12X (Distance, A) + 278.26 
R2=0.9153 (3-6) 
For the imino N-H---N and non-conventional C-H---O bonds, a similar trend is 
observed that a small variation of bond distance causes a large change of magnitude 
of the spin-spin coupling constant. It is because the increase of H---X distance will 
reduce the ^ J^XH due to the decrease of X---H bond order (3.17). However, the trend is 
not linear for these two types of hydrogen bonds. 
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Fig 3.3.3.1.1a The relationship between bond distance and spin-spin coupling 
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3.3.3.2 The relationship between spin-spin coupling constant and bond angle 
The relationship between the spin-spin coupling constant of intermolecular 
H-bonds and bond angles is shown in figure 3.3.3.2.1. No direct correlation is found 
between the bond angle and spin-spin coupling constants. In fact, recent studies 
pointed out that the H-bond scalar couplings depend on the bond angle (3.13). The 
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strongest coupling is expected for a hydrogen bond with a linear geometry and it is 
significantly reduced when the bond angle deviates from linearity (3.13). However, 
this trend cannot be obtained from the calculation results. It is because the models 
applied for experimental determination of scalar couplings are a guanosine quartet but 
not a dimer model. Moreover, the coupling constants determined by Dingley were 
3h 2h 
based on JNC' and JNN- This is different to the calculation results which focused 
on the one-bond 广raws-hydrogen bond coupling. The dependency of scalar coupling 
constants on the bond angle of hydrogen bonds has not been clearly described and 
remains poorly understood. 
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3.3.3.3 The relationship between spin-spin coupling constant and E(2) energy 
The relationship between the E(2) energy and spin-spin coupling constant of 
intermolecular H-bonds is shown in figure 3.3.3.3.1. It is found that the strength of 
intermolecular H-bonds depends on their spin-spin coupling constants, which 
generally increases when the values of spin-spin coupling constants become larger. 
According to the previous results, both the H-bond scalar coupling and E(2) energy 
depend on the bond distance. It is expected that a linear relationship would be 
obtained for all inter H-bonds. The equation (3-7) for the N-H---O is expressed as: 
Spin-spin coupling constant (Hz) = 0.2888x (E(2), kcal/mol) — 1.8147 
R2=0.9039 (3-7) 
While the corresponding equation (3-8) for the N-H---N H-bond is: 
Spin-spin coupling constant (Hz) = 1.0902x (E(2), kcal/mol) - 14.9390 
R2=0.8785 (3-8) 
and the equation (3-9) for the C-H---O H-bond is: 
Spin-spin coupling constant (Hz) = 0.1689x (E(2), kcal/mol) - 0.4283 
R2=0.9017 (3-9) 52 
35 r 
- 1 5 
s y = 0.2888x- 1.8147 
IQ - R2 = 0.9039 
Q I 1 1 I I 1 
0 20 40 60 80 100 120 
spin-spin coupling constant (Hz) 
Fig 3.3.3.3.1a The relationship between spin-spin coupling constant and E(2) energy 
of intermolecular N-H---O H-bonds of the dimer units 
30「 
g • • ^ ^ ^ 
_ 2。 • 
奠 15 • y 二 1.0902X - 14.939 
苗 15 ^^^^^^^^^^^ R2 = 0.8785 
10 -
• 
5 1 1 I I I I I I I I 
20 22 24 26 28 30 32 34 36 38 40 
spin-spin coupling constant (Hz) 
Fig 3.3.3.3.1b The relationship between spin-spin coupling constant and E(2) energy 
of intermolecular N-H---N H-bonds of the dimer units 
53 
0 . 9 � 
0 . 8 - • 
07 ^ ^ ^ ^ 
I 。.6 - ^ ^ 
W . ^ ^ Q3 - y = 0.1689x +0.4283 
“ R 2 二 0.9017 ^ ^ • 0.2 -
• 0 . 1 -
• 
I I I Q I 1 I I 1 I 
-2 -1.5 -1 .gP^ n-spin coupling c^§stant(H^ ) ^ ^ 2 2.5 
Fig 3.3.3.3.1c The relationship between spin-spin coupling constant and E(2) energy 
of intermolecular C-H---O H-bonds of the dimer units 
3.4 Experimental Characterization of Three-centered H-bonds 
Three-centered H-bonds (TCHB) are classified as family of hydrogen bonds. 
Earlier in the discussion in Section 1.2, it was pointed out that one of the H-bond 
phenomena is that the interatomic distance of the H-bond between the donor and 
acceptor (A B) is shorter than the sum of their van der Waals radii (3.18). But from 
the results shown by previous studies (3.19), it indicated that the interatomic distance 
of two heavy atoms in T C H B is even longer than their van der Waals radii sum. 
Hence, it is difficult to identify the presence of T C H B in D N A molecules based on the 
measurement of interatomic distance. 
Another criterion for the definition of a two-centered H-bond is that it is a weak 
chemical interaction. The H-bond A-H B where H carries a positive charge and B 
carries a negative charge, whilst the charge on atom A is more negative than on H. 
However in the identification of TCHB, it is difficult to prove the presence of T C H B 
by charge distribution since the charge on the acceptor atom and the hydrogen atom 
are both affected by the intermolecular H-bond and the three-centered hydrogen bond. 
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N M R and X-ray study on crystal structure are two common methods to study the 
hydrogen bonding of biochemical systems (3.20). Moreover, in order to locate the 
formation of T C H B , a 360°C rule is developed. However even with the combination 
of the results of N M R study and 360""C rule, it is still hard to identify the T C H B in 
larger biochemical systems. Also, it is very challenging to directly measure the 
strength of T C H B in biomolecules by experimental technique. 
3.5 Theoretical Characterization of Three-centered H-bonds 
Theoretical calculation on hydrogen bonding, especially on Three-centered 
H-bonds can provide valuable information such as energy, degree of bond overlapping 
which cannot be investigated by experimental technique (3.21). Based on the 
previous calculated results, four theoretical characterization criteria for a T C H B have 
been developed. 
3.5.1 Geometry properties (360''C Rule) 
Parthasarathy suggested that for the formation of TCHB, the sum of the three 
angles around the hydrogen atom must be around 360°. It was classified as one of 
the criteria for characterization of TCHB. 
3.5.2 NMR properties (Spin-Spin Coupling Constants) 
The nature of the electron cloud of a hydrogen bond and its interaction with the 
nuclei of the donor and acceptor groups can be observed through the one-bond 
^ra«5-hydrogen bond coupling. In the formation of a TCHB, it is possible to 
calculate the Fermi contact term of the J-coupling constant between the hydrogen 
atoms involved in three-centered H-bonds and the acceptors. 
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3.5.3 NBO properties (E(2) and Wiberg bond index) 
N B O analysis was carried out to analyze the orbital interactions of the D N A 
models. As the same situation of intermolecular H-bonds, it can generally describe 
the formation of a A-H B，TCHB as the charge transfer (CT) from the lone pair, 
«(B，)，of the acceptor B’ into the anti-bond orbital a*(AH) of the donor A. The 
formation of a T C H B can be further proved by calculating the energy-lowering effect 
of E(2), due to n(A)-> a*(DH) delocalization from the second order perturbation 
analysis and Wiberg,s bond index which is used to measure the M O bond order of 
hydrogen bonds. 
3.6 Computed results of Three-centered hydrogen bonds (TCHBs) of the ten 
dimer models 
3.6.1 Natural Bond Orbital (NBO) Analysis 
3.6.1.1 Determination of TCHBs in the ten dimer models 
Based on the criteria mentioned above, the presence of TCHBs in different 
sequences is identified by carrying out DFT and N B O analysis. As mentioned 
before, the T C H B A-H---B, can be identified qualitatively by the E(2) energy through 
the orbital interaction of the filled lone pair of Lewis base B' with the vacant 
antibonding orbital of the Lewis acid A. A number of these interactions has been 
recognized between base pairs in the D N A dimer units. The N B O results calculated 
with UB3PW91/6-311G** basis sets are summarized in Table 3.6.1.1.1 
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Table 3.6.1.1.1 Values for energetic parameters (E(2), bond index) of Three-centered 
hydrogen bonds for dimer models by N B O analysis^  
A H B' E(2), dimer bond index ‘ 
(kcal/mol)  
A A dimer 
A8H6---T1604 0.88 0.0036 
A C dimer 
G15H1—A9N1 0.04 0.0004 
A9H6—G1506 0.92 0.0105 
A G dimer 
C19H4—A5N6 0.06 0.0008 
A5H6---C19N4 0.02 0.0003 
AT dimer 
A22H6—A5N6 0.04 0.0005 
A5H6—A22N6 0.06 0.0007 
C G dimer 
C5H4---C15N4 0.02 0.0003 
C15H4---C5N4 0.02 0.0003 
G C dimer 
GlOHl—G6N1 0.06 0.0003 
G6H1—GlONl 0.0002 
a. Calculated under UB3PW91/6-3IIG** 
b. Refers to Wiberg bond index 
It is found that there are eleven TCHBs located in six different dimers. The 
positions of all TCHBs are depicted in graph 3.1. The identified TCHBs can be 
classified into two types, which are N-H---O and N-H---N bonds. However, no 
non-conventional T C H B (C-H---0) is discovered. For the N-H…O type TCHBs, it 
can be found in both A A dimer (between A8H6 and T1604 atoms) and A C dimer 
(between A9H6 and G1506 atoms). These two TCHBs had also been 
experimentally reported by MacDonald (3.18). For the N-H---N type TCHBs, nine 
H-bonds have been found; they are G15H1—A9N1 in the A C dimer, C19H4---A5N6 
and A5H6—C19N4 in the A G dimer, A22H6---A5N6 and A5H6—A22N6 in the AT 
dimer, C5H4---C15N4 and C15H4---C5N4 in the C G dimer, GlOHl—G6N1 and 
G6H1—GlONl in the G C dimer. For the N - H — N type TCHBs, the amino 
hydrogen is found to be involved in the TCHBs and the amino nitrogen atom serves 
as hydrogen bond acceptor. While in the G C dimer and A C dimer, the imino 
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hydrogen is found to be participating in the formation of TCHBs and the imino 
nitrogen atom is acting as hydrogen bond acceptor. 
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Graph 3.6.1.1.1 a The T C H B presented in the A A dimer 
mm 
Graph 3.6.1.1.1 b The TCHB presented in the A C dimer 
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Graph 3.6.1.1.1 e The T C H B presented in the C G dimer 
Graph 3.6.1.1.1 f The TCHB presented in the G C dimer 
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S. 6.1.2 Analysis of TCHB interactions (E(2) and bond index) 
TCHBs are found to be formed across the two base pairs, therefore these 
hydrogen bonds are not linear and as strong as intermolecular H-bonds. The results 
of E(2) energy of TCHBs and bond index values listed in table 3.6.1.1.1 can be used 
to estimate the relative strength of TCHBs. 
It is found that all the identified TCHBs are weaker than 1 kcal/mol with the 
strongest one which is 0.92 kcal/mol in A A dimer and the weakest one is 0.02 
kcal/mol. It is much weaker than the intermolecular H-bonds with the weakest 
intermolecular H-bond being 1.36 kcal/mol. According to Rozas et al. and Jeffery, 
three-center H-bonds in biological system are energetically weaker than regular 
two-center H-bonds (3.22). 
The calculated results revealed that the H-bond acceptor plays an important role 
in the strength of TCHBs. The TCHBs are much stronger when the H-bonds 
acceptor is an oxygen (N-H---O) rather than a nitrogen atom (N-H---N). This is in 
agreement with the calculated results of Bhattacharyya as he pointed out that the 
N-H---O type TCHBs enhances the rigidity of D N A polymer more effectively than 
the weaker N-H---N bonds (3.23). Another reason is probably due to the 
anticooperativity of the hydrogen bonds (3.24). This occurs, for instance, when the 
acceptor atom accepts more than one hydrogen bond. The intermolecular H-bond 
reduces the strength of TCHBs and as a result, the stronger intermolecular H-bond 
( N - H N ) causes a weaker T C H B (N-H…N) and vice versa. 
Moreover, the W B I values show the identified TCHBs have a relatively weak 
covalent bonding interaction. It is observed that the bond index value correlates with 
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the E(2) energy. The T C H B with larger E(2) energy will have a larger W B I value . 
This is because of the better orbitals overlapping which results in a better covalent 
character between the bonding atoms. 
3.6.1.3 The relationship between E(2) and bond distance of TCHBs 
The bond distances of TCHBs are listed in table 3.6.1.3.1. It is found that the 
N - H — 0 type TCHBs are shorter than the N - H — N type TCHBs. Figure 3.6.1.3.1a 
showed the E(2) energy of all TCHBs plotted against their corresponding bond 
distances. These results indicated that the strength of TCHBs depends on the bond 
distance of T C H B and becomes stronger when the bond distance decreases. In fact, 
the bond strength is based on the orbital interaction and shorter bond length causes a 
better orbital overlapping and hence, a stronger bond. Moreover, this result provides 
explanation that the strength of N-H---0 type TCHBs are stronger than N-H---N type 
TCHBs. It can be concluded that besides the nature of hydrogen bond acceptor, the 
bond distance of TCHBs also accounts for the variation of bond strength. To better 
understand the relationship between these two parameters, a log E(2) against bond 
distance plot is constructed (figure 3.6.1.3.1b). An almost linear relationship is 
obtained with a correlation coefficient of 0.8792 indicates that the E(2) energy 
increases exponentially as the intermolecular bond distance decreases. 
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Table 3.6.1.3.1 The geometry of three-centered H-bonds identified by N B O analysis 
for D N A dimers 
H atom Distance (A) Angles (。） 
A H …B, ^ ^ A ^ A ^ A23' S A N C T 
A A dimer 
A8H6---T1604 2.45 2.17 1.01 82.1 123.2 154.6 359.9 
A C dimer 
G15H1—A9N1 3.16 1.73 1.01 72.4 107.6 164.7 344.7 
A9H6—G1506 2.12 2.38 1.01 105.9 113.6 135.3 354.8 
A G dimer 
C19H4—A5N6 3.02 1.72 1.01 74.4 128.9 155.9 359.2 
A5H6---C19N4 3.45 1.72 1.01 76.3 118.0 163.3 357.6 
AT dimer 
A22H6—A5N6 3.31 1.88 1.00 92.4 93.8 172.9 359.1 
A5H6—A22N6 2.98 1.87 1.00 97.3 96.2 166.3 359.8 
C G dimer 
C5H4—C15N4 3.46 1.85 1.04 85.1 95.6 177.6 358.3 
C15H4 …C5N4 3.26 1.85 1.04 85.7 94.3 177.8 357.8 
G C dimer 
GlOHl—G6N1 3.31 1.97 1.01 76.2 114.9 144.7 335.8 
G6H1—GlONl 3.39 1.98 1.01 70.2 109.1 169.4 348.7 
• a. Rxy denotes the distance between atoms number x and y 
b. Axy denotes the angle between atoms x, central hydrogen atom and y 
C. SAN denotes the sum of 3 angles 
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Fig 3.6.1.3.1a The relationship between bond distance and E(2) energy of TCHBs of 
the dimer units 
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Fig 3.6.1.3.1b The relationship between bond distance and Log E(2) energy of 
TCHBs of the dimer units 
3.6.1.3 The relationship between E(2) and bond angle of TCHBs 
From the calculation results showed in table 3.6.1.1.1 and table 3.6.1.3.1, it is 
interesting to find that, the bond strength of TCHBs seems to have no correlation with 
their bond angle. In fact, one of the properties of weak hydrogen bonds is their wide 
range of bond angles (3.25). For instance, the bond angle of the N-H…O T C H B in 
A A dimer (A8H6—T1604) is 123.2。while the bond angle of the N-H--0 T C H B in 
A C dimer (A9H6—G1506) is 113.6。. However, the T C H B in A C dimer is stronger 
than the one in A A dimer by 0.04 kcal/mol. On the other hand, the T C H B with 
highest linearity is located in the A G dimer with 128.9® and the E(2) energy is only 
0.06 kcal/mol. Hence, the strength of the minor component in T C H B is related to 
the coplanarity of the hydrogen atom with the plane defined by the donor atom and its 
two acceptors, rather than the bond angle of N-H…B，alone (3.26). 
65 
3.6.2 Spin-Spin Coupling Constants of TCHBs 
The scalar coupling constants can provide supportive information in identifying 
the presence and location of three-centered H-bonds. All the identified TCHBs in 
ten dimer units are found to have non-zero scalar interaction and their trans-hydrogen 
bond J-coupling constants (^ J^XH) are listed in table 3.6.2.1. The calculated scalar 
coupling constants for the TCHBs are very small when compared with their 
corresponding intermolecular H-bonds. It can be divided into two classes: 
Trans-hydrogen bond one-bond JQH of N-H---O TCHBs has a larger scalar interaction 
with the values of 2.31 Hz in A A dimer and 13.97 Hz in A C dimer. While the 
trans-hydrogen one bond JNH of N-H…N TCHBs is much weaker and with a range 
from -0.08 to -0.54 Hz. Moreover, all the spin-spin coupling constants of N-H---O 
TCHBs are positive whereas they are negative for all the N-H---N TCHBs. This 
result is not consistent with the rule defined by the Dime vector model which states 
that the sign of the one bond coupling constant between a pair of atoms are positive 
(3.17). In fact, the sign of the total coupling constant is the result of competing 
positive and negative contributions from various states (3.17). Hence, the negative 
sign of the coupling constant arises from negative contributions of certain molecular 
orbital s. 
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Table 3.6.2.1 Calculated scalar coupling constants, ^^'JXH, (X=N or O) for the 
three-centered H-bonds and intermolecular H-bonds of dimer models 
A H …B, Donor ‘Acceptor '""JxwfHz/ "JXH(HZ)'liit^r T C H B 
(TCHB) (TCHB)b distance distance  
(Interf (A/ (Af 
A A dimer 
A 8 H 6 — T 1 6 0 4 A8N6 T1604 2.31 2.45 
T17014 18.44 2.17 
A C dimer 
G15H1---A9N1 G15N1 A9N1 -0.54 3.16 
C10N3 36,86 1,73 
A9H6---G1506 A9N6 G1506 13.97 2.12 
T1604 6,47 2,38 
A G dimer 
C 1 9 H 4 — A 5 N 6 C19N4 A5N6 -0.15 3.02 
G606 76,16 L72 
A 5 H 6 — C 1 9 N 4 A5N6 C19N4 -0.08 3.45 
T2004 54.44 1.87 
AT dimer 
A 2 2 H 6 — A 5 N 6 A22N6 A5N6 -0.38 3.31 
T604 43.91 1,88 
A 5 H 6 — A 2 2 N 6 A5N6 A22N6 -0.50 2.98 
T2304 45,71 1.87 
C G dimer 
C5H4—C15N4 C5N4 C15N4 -0.12 3.46 
G1606 52,59 1,85 
C15H4—C5N4 C15N4 C5N4 -0.12 3.26 
G606 53.31 L85 
G C dimer 
GlOHl—G6N1 GlONl G6N1 -0.08 3.31 
C7N3 23,08 L97 
G6H1---G10N1 G6N1 GlONl -0.08 3.39  
C11N3 26.11 
a. Refers to the H-bond donor 
b. Refers to the acceptor of the three-centered hydrogen bond 
C. Refers to the acceptor of the intermolecular hydrogen bond 
d. Refers to the trans hydrogen bonding scalar coupling constant of the intermolecular hydrogen bond 
e. Refers to the trans hydrogen bonding scalar coupling constant of the three-centered hydrogen bond 
f. Refers to the distance between the hydrogen and hydrogen bond acceptor in intermolecular H-bond 
g. Refers to the distance between the hydrogen and hydrogen bond acceptor in TCHB 
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3.6.2.1 The relationship between spin-spin coupling constant and bond distance of 
TCHBs 
The J-coupling constants of TCHBs and their relative bond distances are shown 
in table 3.6.2.1 and plotted in figure 3.6.2.1.1. 
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Fig 3.6.2.1.1 The relationship between bond distance and spin-spin coupling of 
TCHBs of dimer units 
The spin-spin coupling value seems to decrease exponentially when the bond 
distance increases. When the bond distance is longer than 3.0 A, the spin-spin 
coupling constant value only changes slightly despite continue increasing the bond 
distance. It is noticed that when the bond distance is shorter than 2.5 A, the sign of 
the J-coupling constant becomes positive. However, when the bond distance 
exceeds 3.0 人，the sign of the J-coupling constant becomes negative. This result 
indicates that the sign of J-coupling constants depends on the distance between the 
hydrogen (H) and hydrogen bond acceptor (B，）of TCHBs. 
Recall that the presence of one bond J-coupling constant (^ J^XH) is mediated by 
nuclei and valence electrons between the H and B'. The nuclear magnetic moment 
of the hydrogen nucleus exerts a magnetic field to polarize its valence electron and the 
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polarization of valence electron is transmitted via electron-electron interactions to a 
second electron which is close to B'. The second electron hence forms a magnetic 
field that polarizes the nucleus of B’. As a result, a scalar coupling is produced 
between these two atoms (3.16). It is obvious that the strength of the scalar coupling 
is related to the distance of the polarization and that is the distance between H and B'. 
The sign of the calculated trans-hydrogen bond J-coupling constants ('^ JXH) is 
positive for the shorter bond distance and negative for the longer bond distance. 
This is due to two reasons: firstly, under the short distance of H and B,, the degree of 
polarization becomes greater and the transmission between H and B' will be more 
effective. As a result, a stronger scalar coupling is obtained. If the bond distance is 
long (>3.0 A), however, transmission of the polarization will become less effective 
and a weaker scalar coupling or even negative coupling will be obtained. 
It is also related to the covalent character of TCHBs, since the common idea of 
spin-spin coupling constant is associated with covalent bond (3.27). Therefore the 
positive J-coupling value of the short T C H B (< 2.5 A) is said to have a larger covalent 
character between the H and B，. The negative J-coupling value of the long T C H B 
(>3.0 A) is suggested to have a larger electrostatic character between the H and B,. 
3.6.2.2 The relationship between spin-spin coupling constant and E(2) energy of 
TCHBs 
The plot between spin-spin coupling constant of TCHBs and the E(2) energy of 
TCHBs is shown in figure 3.6.2.2.1. It can be divided into two regions. The first 
region consists of weak N-H---N (< 0.06 kcal/mol) TCHBs and is shown in detail in 
figure 3.6.2.2.2. There is no correlation between the E(2) energy and the spin-spin 
69 
coupling constant of N - H — N TCHBs. This is because the transmission of 
polarization is poor and the orbital overlapping is ineffective under a weak 
interaction. 
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Fig 3.6.2.2.2 The relationship between the E(2) energy and spin-spin coupling 
constant of N-H---N TCHBs of dimer units. 
The second region of figure 3.6.2.2.1 describes the strong TCHBs N-H---O. 
Although there are only two data points, it shows the spin-spin coupling constant has 
a tendency to increase when the H-bond becomes stronger. 
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3.6.3 Geometry of TCHBs 
The geometric parameters of the eleven identified TCHBs are summarized in 
table 3.6.1.3.1. It is observed that the bond length of N - H — O type TCHBs are 
shorter than N-H…N type TCHBs. The bond distance of N-H…O TCHBs is in the 
range of 2.12 - 2.45 人 with the average distance of 2.29 人 and the range of N-H---N 
TCHBs is 2.98-3.46 A with the average of 3.26 A. The distance of the N-H…O 
T C H B further supports the existence of TCHBs in A A and A C dimer units. It is 
because the sum of the van der Waals radii of the hydrogen and the hydrogen bond 
acceptor oxygen is 2.60 A which is longer than the bond distance of N-H---O TCHB. 
For the N-H---N TCHBs, the bond distance is much longer than the sum of the van 
der Waals radii of the hydrogen and nitrogen atoms (2.80 A). These results show 
that the N-H---N TCHBs are weak. In fact, according to Jeffrey and Steiner, most of 
the weak H-bonds would exist around 2.2-3.2 A and only about 30% of them are 
shorter than the sum of vdw radii (3.28). 
Another geometric parameter applied to identify the presence of TCHBs is 
related to the angles around the hydrogen atom. This is the S A N rule which was 
proposed by Parthasarathy and the four atoms involved in the intermolecular H-bond 
and the corresponding T C H B are in planar arrangement. The bond angles of eleven 
TCHBs are listed in table 3.6.1.3.1. Firstly, it is found that all the angles of A-H---B， 
in TCHBs exceed 90° and indicate that they are weak when compared with 
intermolecular H-bonds. This is supported by Jeffery that the bond angle (An) of 
TCHBs do show a weak directionality and interaction when the angle is larger than 90 
degree. Besides, it is observed that not all the TCHBs obey the S A N rule. The sum 
of angles of the TCHBs in G C dimer is only around 336° and 349° and the sum of 
angles of N-H…N TCHBs in A C dimer is around 345。. Hence, these three THCBs 
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are not planar-based on the definition of S A N rule. 
3.7 Summary 
In this chapter, ten possible combinations of dimer units have been studied by the 
DFT method with the 6-311G** basis set and N B O program. The location and the 
strength of intermolecular and three centered hydrogen bonds are investigated. 
Eleven TCHBs are recognized in the ten dimer units. Both conventional and 
non-conventional H-bonds are found in intermolecular H-bonds while only 
conventional H-bonds are found in THCBs. The strength of intermolecular H-bonds 
is much stronger than TCHBs with the weakest conventional intermolecular H-bond 
being 1.36 kcal/mol while the strongest conventional T C H B equals to 0.92 kcal/mol. 
The trend for the strength of intermolecular H-bonds is in the order of N-H---N > 
N-H …O〉〉C-H---0 and for TCHBs is in the order o f N - H — O » N - H — N . 
The strength of the intermolecular H-bonds is found to correlate with their 
corresponding bond distance and bond angle. The increase of the linearity (〜180°) 
of bond angle causes the intermolecular H-bond to become stronger while increase of 
bond distance results in a weaker intermolecular H-bond. For the TCHBs, it is 
surprising to find that the strength of the TCHBs is only correlated well with the bond 
distance, the shorter bond distance, the stronger the TCHBs. However, the 
calculated results indicate that no direct relationship is found between the bond angle 
and bond strength of TCHBs. 
The one-bond trans-hydxogQn bond coupling (^ J^XH) of different dimers has also 
been determined. The scalar coupling constants of intermolecular H bonds are much 
larger than those of TCHBs and all coupling constants for the conventional 
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intermolecular H-bonds are in positive values. The range of the of inter 
N - H — N bonds is between 23.00 to 40.00 Hz and for the inter N - H — O bonds it is 
between 6.27 to 104.00 Hz. While for the TCHBs, all the of N-H…N type are 
negative with a range of -0.08 to -0.54 Hz and the ^''JXH of the N - H — O type are all 
positive with the range of 2.31 to 13.97 Hz. 
The sign and magnitude of the coupling constants are found to be related to bond 
distance. In general, when the bond distance is shorter than 2.5 人，the sign of the 
coupling constant is found to be positive. While for a longer bond distance (> 3.0 人)， 
it is found to be negative. Moreover, the bond strength of intermolecular H-bonds is 
correlated well with the coupling constant. They form linear relationship with the 
magnitude of the coupling constant increasing when the strength of hydrogen bond 
increases. For the TCHBs, the bond strength of N-H---N bonds are too weak, as a 
result it is hard to find a relationship between the bond strength and coupling constant. 
However, for the N-H---O type TCHBs it shows the tendency that a stronger TCHB 
has a larger coupling constant. The bond angles for both intermolecular H-bonds 
and TCHBs seem to have no correlation with the magnitude and sign of the coupling 
constant. 
The hydrogen bond angles and bond distances have long been applied to 
experimental identification of hydrogen bonding. These parameters have been 
investigated in the ten dimer units. The bond distances and bond angles of the inter 
N-H---O H-bonds are on average 1.89 人 and 163.0° respectively. For the inter 
N - H — N H-bonds, they average 1.80 A and 169.0° respectively. The bond distance 
of these two types of intermolecular H-bonds is found to be much shorter than their 
corresponding sum of vdw radii between the hydrogen atom and hydrogen bond 
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acceptor. The bond angles of N - H — O intermolecular H-bonds and N-H---N 
intermolecular H-bonds are found to be close to linear within the range of 170 +/- 10。. 
Furthermore, the bond distance and bond angle of C-H---O intermolecular H-bond is 
2.70 人 and 125.6° respectively. It is very close to the sum of vdw radii and far from 
linear. Hence, the bond strength of this type of hydrogen bond is much weaker. 
For the TCHBs, instead of investigating the bond angle, the SAN 360® rule is applied 
to locate the TCHBs. The sum of angles of N - H — O TCHBs are close to 360 
which obey the SAN rule. Also, the bond distance of these TCHBs averages 2.29 A 
and shorter than the sum of vdw radii. For the N-H---N TCHBs, it is found that 
some of the N-H---N TCHBs do not obey SAN rule and they have an average 
distance of 3.26 A. 
The TCHBs in the ten D N A dimer units are found in between A8H6 and T1604 
atoms of A A dimer and A9H6 and G1506 atoms of A C dimer which are in N-H---O 
type. The N - H — N type TCHBs are found in between G15H1 and A9N1 of A C 
dimer, C19H4 and A5N6 and also A5H6 and C19N4 of A G dimer, A22H6 and A5N6 
and also A5H6 and A22N6 of AT dimer, C5H4 and C15N4 and also C15H4---C5N4 
of C G dimer. For the N-H…O TCHBs, the carbonyl oxygen atom acts as hydrogen 
bond acceptor and the amino group acts as hydrogen bond donor. While for the 
N-H—-N TCHBs, beside the amino group acts as hydrogen bond acceptor and 
hydrogen bond donor, the imino group can also be served as both hydrogen bond 
acceptor and donor which are found in A C dimer and G C dimer. 
The eleven TCHBs have been identified by carrying out the N B O and spin-spin 
coupling calculation. However, according to the definition of SAN 360 ° rule and 
the hydrogen bond distance, some of them could not be classified as TCHBs. For 
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instance, The S A N measured between G 1 5 H 1 — A 9 N 1 of A C dimer is just around 
345.0 ° which is far from the 360。. The interactions between A5H6—C19]\4 of A G 
dimer and C5H4---C15N4 of C G dimer are not regarded as TCHBs as they have an 
extraordinary long bond distance with 3.45 人 and 3.46 人 respectively. The 
interactions between G l O H l — G 6 N 1 and G 6 H 1 — G l O N l of G C dimer are not only 
in unusual long bond distance but also the sum of angles are far from 360®, hence they 
are also not treated as TCHB. On the other hand, although the sum of angles 
between C15H4—C5N4 of CG dimer and A22H6—A5N6 of AT dimer are around 
360° and the distance are close to the region of a weak hydrogen bond, the strength of 
the bonds are too weak (0.02 kcal/mol and 0.04 kcal/mol respectively). As discussed 
in chapter 2, such a weak interaction may be counted as the error of the N B O program 
and hence, it cannot be classified as a T C H B interaction. The calculated results are 
summarized in Table 3.7.1 and Table 3.7.2 respectively. 
Table 3.7.1 Summary of presence of TCHBs in different dimer units 
dimer unit 
With TCHBs Without TCHBs 
(5,-XY-3，） 
A A X 
A C X 
A G X 
AT X 
C C X 
C G X 
G C X 
TA X 
TC X 
T G X 
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Table 3.7.2 Summary of the identified TCHBs in different dimer units 
A H B, TCHBs interaction Non-TCHBs interactions 
A A dimer 
A8H6---T1604 X 
A C dimer 
G 1 5 H 1 — A 9 N 1 X ' 
A 9 H 6 — G 1 5 0 6 X 
A G dimer 
C19H4---A5N6 X 
A 5 H 6 — C 1 9 N 4 X^ 
AT dimer 
A 2 2 H 6 — A 5 N 6 X ' 
A 5 H 6 — A 2 2 N 6 X 
C G dimer 
C5H4—C15N4 X'' 
C15H4 …C5N4 X' 
G C dimer 
G l O H l — G 6 N 1 Xa，b 
G 6 H 1 — G l Q N l  
a. The identified TCHB violates the SAN rule 
b. The bond distance of the identified TCHB is extraordinary long 
C. The bond strength of the identified TCHB is extraordinary weak 
To conclude, after considering both the experimental and theoretical criteria in 
characterizing TCHBs, the interaction that can be counted as TCHBs of the ten dimer 
units are A8H6—T1604 of AA dimer and A9H6—G1506 of AC dimer which are 
in N - H — O type and classified as strong TCHBs. The interactions in 
C 1 9 H 4 — A 5 N 6 of A G dimer and A 5 H 6 — A 2 2 N 6 of A T dimer are in N-H…N type 
and classified as weak TCHBs. All the TCHBs found in A A , AT, A C and A G dimer 
units have a common feature that the adenine base is located at the 5' end. Therefore, 
the presence of TCHBs does show sequence dependence and the 5' end of the dimer 
unit is adenine base. 
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CHAPTER FOUR 
RESULTS AND DISCUSSION — CHARGE LOCATION AND CHARGE 
TRANSFER IN DNA 
4.1 Introduction 
Oxidation of D N A can lead to loss or mutation of the genetic information carried 
by D N A and can eventually result in cell death (4.1). Since ionization can take place 
in all of the nucleobases, charge migration from the initial site of oxidation to the final 
destination site must occur. Therefore understanding the mechanism of charge 
transfer is essential to reveal the long distance oxidative damage of D N A (4.2). 
Many research groups have suggested different mechanisms for the holes and 
electrons transfer in D N A (4.1, 4.3-4.4). However, the transfer pathway remains 
unknown. 
Recently, Guerra .et al has (4.5) pointed out that the hydrogen bond has a 
substantial charge-transfer character caused by donor-acceptor orbital interactions. 
As a previous result mentioned, the presence of three centered hydrogen bonds 
(TCHBs) is identified in different D N A base pairs. In this chapter, the possibility of 
TCHBs being involved in charge transfer is studied. 
The location of the excess charge radical is first identified, followed by studying 
the change of the properties of TCHBs under excess charge condition by utilizing 
molecular orbital (MO) and N B O analysis. 
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4.2 Method 
A D N A dodecamer sequence d(5-Gl G2 C3 A4 A5 G6 A7 A8 A9 CIO Gil 
G12-3')2 was obtained from protein data bank (pdb code ilFZX). The presence of 
T C H B is identified experimentally (4.6) and recognized theoretically (4.7). Four 
trimer models (G1G2C3, C3A4A5, A7A8A9, A8A9C10) were extracted and 
hydrogen atoms was added to the phosphate backbone. Optimization 
(B3PW91/6-311G**) was carried out on those hydrogen atoms and all the water 
molecules and metal ions were removed. The excess negative charge (-1) and 
positive charge (+1) condition of the trimer unit were created by adding an electron 
and removing an electron respectively. M O and N B O (NPA and E(2)) studies were 
then applied on the trimer units. The standard nomenclature of D N A trimers are 
shown in Fig. 4.2.1 (a)-(d). An abbreviated nomenclature X Y Z is used to indicate 
the D N A trimer segment. X represents the 5'-end base, Z represents the 3'-end base 
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4.3 Computed results of the charge location of the trimer models 
In order to point out the excess charge location in D N A , the natural population 
analysis (NPA) was performed. This is done by comparing the charge difference of 
the trimer models in the neutral state and the corresponding charged states. In fact, 
N P A has been applied by many research groups to calculate the atomic charges and 
electron distribution of biological systems (4.8-4.9). 
4.3.1 Location of excess positive charge 
The charge distribution for different moieties of the trimer units in both neutral 
and cationic states is shown in Table 4.3.1. 
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Table 4.3.1.1a Charge distribution (Q) and charge difference (AQ) of the G1G2C3 
trimer in different charge states 
Trimer unit N P A (Q) 
G1G2C3 Excess positive charge Excess negative charge 
Neutral Positive Difference Negative Difference 
system system (AQpo) ^  system (AQve) ® 
(QN) A (Q+ve) b (Q-Ve) ^   
G1 base -0.297 0.046 0.344 -0.306 0.008 
G1 sugar 0.595 0.618 0.023 0.584 0.010 
backbone f -0.688 -0.681 0.007 -0.692 0.004 
G2 base -0.280 0.020 0,300 -0.280 0.000 
G2 sugar 0.922 0.942 0.021 0.909 0.012 
backbone g -0.690 -0.682 0.008 -0.752 0.062 
C3 base -0.209 -0.209 0.000 -0.388 0,179 
C3 sugar 0.577 0.594 0.017 -0.543 0.034 
C24 base -0.195 -0.190 0.004 -0.664 0.469 
C24 sugar 0.592 0.602 0.010 0.526 0.065 
backbone h -0.685 -0.677 0.008 -0.711 0.026 
C23 base -0.209 -0.207 0.002 -0.301 0.091 
C23 sugar 0.926 0.934 0.008 0.909 0.017 
backbone i -0.692 -0.686 0.005 -0.699 0.008 
G22 base -0.273 -0.050 0.224 -0.277 0.003 
G22 sugar 0.608 0.626 0.018 0.597 0.011 
Total 0.000 1.000 1.000 -1.000 1.000 
a. The total charge of different moieties in DNA under neutral condition 
b. The total charge of different moieties in DNA under positive condition 
c. The charge difference of different moieties (Q+VE - QN) 
d. The total charge of different moieties in DNA under negative condition 
e. The charge difference of different moieties (QN — Q-ve) 
f. The phosphate backbone between G1 and G2 
g. The phosphate backbone between G2 and C3 
h. The phosphate backbone between C24 and C23 
i. The phosphate backbone between C23 and G22 
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Table 4.3.1.1b Charge distribution (Q) and charge difference (AQ) of the 
C3A4A5 trimer in different charge states 
Trimer unit N P A (Q) 
C3A4A5 Excess positive charge Excess negative charge 
Neutral Positive Difference Negative Difference 
system system (AQpo)。 system (AQve) ^  
(QN) A (Q+ve) B (Q-VE) ^   
C3 base -0.216 -0.203 0.013 -0.568 0.352 
C3 sugar 0.585 0.598 0.013 0.543 0.043 
backbone f -0.684 -0.678 0.006 -0.703 0.019 
A4 base -0.242 -0.112 0J30 -0.237 -0.005 
A4 sugar 0.931 0.943 0.012 0.921 0.010 
backbone g -0.689 -0.682 0.007 -0.695 0.006 
A5 base -0.229 -0.096 0,133 -0.241 0.012 
A5 sugar 0.615 0.631 0.015 0.603 0.013 
G22 base -0.274 0.329 0,603 -0.284 0.010 
G22 sugar 0.584 0.626 0.044 0.568 0.017 
backbone h -0.695 -0.692 0.002 -0.721 0.027 
T21 base -0.256 -0.256 0.000 -0.319 0.063 
T21 sugar 0.956 0.967 0.011 0.937 0.018 
backbone i -0.685 -0.681 0.004 -0.705 0.019 
T20 base -0.287 -0.287 0.000 -0.647 0.360 
T2Q sugar 0.585 0.594 0.008 0.549 0.036 
Total 0.000 1.000 1.000 -1.000 1.000 
a. The total charge of different moieties in DNA under neutral condition 
b. The total charge of different moieties in DNA under positive condition 
c. The charge difference of different moieties (Q+VE - QN) 
d. The total charge of different moieties in DNA under negative condition 
e. The charge difference of different moieties (QN — Q-ve) 
f. The phosphate backbone between C3 and A4 
g. The phosphate backbone between A4 and A5 
h. The phosphate backbone between G22 and T21 
‘i. The phosphate backbone between T21 and T20 
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Table 4.3.1.1c Charge distribution (Q) and charge difference (AQ) of the 
A7A8A9 trimer in different charge states 
Trimer unit N P A (Q) 
A7A8A9 Excess positive charge Excess negative charge 
Neutral Positive Difference Negative Difference 
system system (AQpo) ^  system (AQve) ® 
(QN) A (Q+ve) B (Q-Ve) ^   
A7 base -0.215 0.093 0.308 -0.223 0.008 
A7 sugar 0.592 0.616 0.024 0.575 0.017 
backbone f -0.697 -0.692 0.005 -0.776 0.079 
. A 8 base -0.202 0.155 0.357 -0.217 0.016 
A8 sugar 0.940 0.963 0.023 0.923 0.018 
backbone g -0.695 -0.688 0.007 -0.707 0.011 
A9 base -0.206 -0.035 0.171 -0.213 0.008 
A9 sugar 0.618 0.641 0.023 0.609 0.009 
TlSbase -0.292 -0.270 0.022 -0.513 0.221 
T18 sugar 0.617 0.632 0.016 0.581 0.035 
backbone h -0.684 -0.678 0.006 -0.699 0.014 
TlTbase -0.299 -0.294 0.004 -0.571 0,273 
T17 sugar 0.930 0.939 0.009 0.899 0.031 
backbone' -0.689 -0.686 0.004 -0.699 0.009 
T16base -0.303 -0.294 0.009 -0.528 0.225 
T16 sugar 0.586 0.598 0.013 0.560 0.025 
Total 0.000 1.000 1.000 -1.000 1.000 
,a. The total charge of different moieties in DNA under neutral condition 
b. The total charge of different moieties in DNA under positive condition 
c. The charge difference of different moieties (Q+ve— QN) 
d. The total charge of different moieties in DNA under negative condition 
e. The charge difference of different moieties (QN — Q-ve) 
f. The phosphate backbone between A7 and A8 
g. The phosphate backbone between A8 and A9 
h. The phosphate backbone between T18 and T17 
i. The phosphate backbone between T17 and T16 
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Table 4.3.1. Id Charge distribution (Q) and charge difference (AQ) of the 
A8A9C10 trimer in different charge states 
Trimer unit N P A (Q) 
A8A9C10 Excess positive charge Excess negative charge 
Neutral Positive Difference Negative Difference 
system system (AQpo)。 system (AQve) ^  
(QN) A (Q+ve) b (Q-Ve) ' 
A8 base -0.199 -0.026 0.173 -0.205 0.006 
A8 sugar 0.591 0.604 0.013 0.568 0.022 
backbone f -0.698 -0.696 0.002 -0.804 0.106 
A9 base -0.202 -0.122 0.080 -0.210 0.008 
A9 sugar 0.939 0.951 0.013 0.914 0.025 
backbone g -0.693 -0.689 0.005 -0.733 0.040 
CIO base -0.181 -0.172 0.010 -0.544 0.363 
CIO sugar 0.615 0.631 0.015 0.558 0.057 
TlVbase -0.293 -0.288 0.005 -0.568 0.274 
. T 1 7 sugar 0.585 0.598 0.013 0.556 0.029 
backbone h -0.689 -0.681 0.008 -0.724 0.035 
T16base -0.296 -0.233 0.063 -0.299 0.002 
T16 sugar 0.923 0.935 0.011 0.914 0.009 
backbone i -0.691 -0.680 0.011 -0.695 0.004 
G15base -0.309 0.236 0.544 -0.319 0.010 
G15 sugar 0.600 0.632 0.032 0.589 0.010 
Total 0.000 1.000 -1.000 1.000 
a. The total charge of different moieties in DNA under neutral condition 
b. The total charge of different moieties in DNA under positive condition 
c. The charge difference of different moieties (Q+ve — QN) 
d. The total charge of different moieties in DNA under negative condition 
e. The charge difference of different moieties (QN — Q-ve) 
f. The phosphate backbone between A8 and A9 
g. The phosphate backbone between A9 and CIO 
.h. The phosphate backbone between T17 and T16 
i. The phosphate backbone between T16 and G15 
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Under the excess positive charge condition, it is found that the excess charge is 
mainly localized in the nucleobases. The deoxyribose sugar ring and phosphate 
backbone are not the preferred site of hole localization. Moreover, among the four 
nucleobases, guanine (G) base is found to have the largest net charge difference 
between the neutral and cation state (AQpo). It is shown in the G1G2C3 trimer 
where the sum of AQpo of the three guanine bases is around 0.868, which indicates the 
.majority of the excess positive charge is localized into the guanine bases. 
For the C3A4A5 and A8A9C10 trimer, it is observed that the AQpo of guanine 
base is still the largest, which is about 0.603 and 0.544 respectively. Besides the 
guanine, the adenine (A) is also involved in localizing the positive charge. The AQpo 
of the adenine bases are about 0.263 and 0.253 in C3A4A5 trimer and A8A9C10 
trimer respectively. In the A7A8A9 trimer which does not have a guanine base, the 
AQpo of the adenine bases is about 0.836. This result further proves that the adenine 
base is capable of localizing positive charge. From the calculated results, it is 
suggested that the guanine base is considered to be the major component and the 
.adenine base to be the minor component in gaining excess positive charges. 
Furthermore, the pyrimidine bases (cytosine (C) and thymine (T)) are less likely to 
localize the positive charge. Hence, in descending order, hole localization follows 
G > A » C ~ T . 
The calculated trend of the hole localization of the trimer units can be elucidated 
by the ionization potential (IP) of different moieties of D N A (4.10). The created 
trimer cation radical is analogous to the removal of an electron from its neutral system. 
Colson et al. suggested that the (IP) of the different components in D N A is in the 
order of base< deoxyribose sugar< phosphate (4.11). This result indicates that the 
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sugar ring and phosphate backbone are less likely to be ionized and hence they are 
unlikely to be the location of the hole. It correlates well with the NPA results that 
show the excess positive charge is not localized in the sugar ring and phosphate 
backbone. The IP of the four nucleobases had also been proposed (4.12) in the order 
of G < A « C < T . Hence, the guanine is the most easily oxidized whereas the adenine 
is the second easiest while the cytosine and thymine are hard to ionize. This trend is 
consistent with the NPA results that the guanine base and adenine base are positive 
charge sinks. 
Molecular orbital (MO) calculations of the trimer units were performed and the 
result is listed in table 4.3.1.2. The positions of the highest occupied molecular 
orbital (HOMO) of the neutral trimer units are shown on the left hand side. These 
results pinpoint the ionization sites of the trimer units and hence the location of the 
hole. It is found that the location of the H O M O is in the guanine bases of C3A4A5 
and A8A9C10 trimers which are parallel with the NPA results. The H O M O s in 
G1G2C3 and A7A8A9 trimers are located between the 5'-GlG2 and 5’-A7A8 
respectively. These are consistent with the NPA results that majority of the excess 
charge is concentrated on those bases (5'-GlG2 and 5’-A7A8) rather than the isolated 
guanine base in G1G2C3 and adenine base of A7A8A9 which is in the 3,-end position. 
It is because the IP of G G stack is lower than the isolated guanine base and hence the 
H O M O will be located on it (4.13-4.14). The same explanation is applicable to the 
• results of the A7A8A9 trimer. 
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Table 4.3.1.2 The location ofHOMOs and LUMOs of the trimer units 
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The energies of the H O M O are calculated and summarized in table 4.3.1.3: 
Table 4.3.1.3 Orbital Energies (au) of H O M O 





It is found that the H O M O energy of G1G2C3 trimer is highest and it implies 
that the IP of this trimer is lowest among the four trimers. This is because the 
G1G2C3 trimer contains three guanine bases which can act as sinks of positive charge 
while the A7A8A9 trimer has the lowest H O M O energy and does not contain any 
guanine base. As a result, the cation radical is least likely to be localized in this 
trimer sequence. This result emphasizes the location of excess positive charge is 
sequence dependent with the preference of guanine base rich sequence followed by 
adenine base rich sequence. 
The net charge difference of atoms in trimer units under different charge states 
has been calculated. Table 4.3.2.2 shows the results of the first five atoms with the 
greatest difference in atomic charges. It is observed that the atoms in guanine have 
the greatest charge difference in G1G2C3, C3A4A5 and A8A9C10 trimers while the 
atoms in adenine have the greatest charge difference in A7A8A9 trimer. These 
results indicate those atoms prefer to gain the excess positive charge and act as an 
excess charge localization site. These atoms are N2, N3, C5, 06 and C8 in the 
guanine base and Nl, N3 and N6 in the adenine base which are located in the 
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six-membered ring. It is because of the electron rich nature of the six-membered 
rings in the two molecules. In fact, the H O M O composition of guanine is mainly 
contributed by these five atoms which have large orbital coefficients and the H O M O 
of adenine is found to be formed by the lone pairs of the nitrogen atoms. The 
calculated result is also in close agreement with the theoretical results of Russo et al. 
(4-15) who pointed out that those atoms lose electron and redistribute the charge 
density under protonation which is in excess positive charge condition. 
4.3.2 Location of excess negative charge 
The N P A results of different moieties of trimer units in excess negative charge 
condition are shown in table 4.3.1.1. It is observed that the excess charge is mainly 
localized in nucleobases. Generally, the deoxyribose sugar ring and phosphate 
backbone do not accommodate the excess negative charge except the phosphate 
backbone that is connected to the A8 and A9 bases of A8A9C10 trimer. 
Among the four nucleobases, cytosine (C) base and thymine (T) base have large 
net charge difference between the neutral and anion state (AQve). It can be shown in 
the C3A4A5 and A8A9C10 trimer. The AQve of terminal C3 base and the terminal 
T20 base of C3A4A5 trimer localize nearly the same portion of excess charge density 
with 0.352 and 0.360 respectively. This is also found in the A8A9C10 trimer where 
the AQve of terminal CIO base and terminal T17 base are around 0.363 and 0.274 
respectively. 
Moreover, in the 5'-T20T21 of C3A4A5 trimer and the T16T17-3’ of A8A9C10 
trimer, the non-terminal thymine bases that are the T21 base of C3A4A5 and T16 base 
90 
of A8A9C10 only accommodate a very small portion of excess negative charge. 
This trend is also observed in non-terminal cytosine base of G1G2C3 trimer where the 
AQve of C23 base in C23C24-3, is 0.091. However, in the case of A7A8A9 trimer, 
the AQve of the three thymine bases in 5’-T18T17T16-3，is evenly distributed with 
0.221 (T18), 0.273 (T17) and 0.225 (T16) whatever the thymine base is in terminal or 
non-terminal position. These results suggest the presence of continuous pyrimidine 
bases sequence (T18T17T16, etc) shares the localization of the excess negative charge 
• evenly. But for the G1G2C3, C3A4A5 and A8A9C10 trimers, where only stacked 
TT or C C base pair is present, the localization sites of the excess negative charge are 
on the terminal pyrimidine bases. 
The calculated localization trend to the excess electron is thought to be related to 
the electron affinity (EA) of D N A . The general trend of the E A values is suggested 
to be in the order of T〜C〉〉G〉A (4.16). Thus, the thymine and cytosine bases prefer 
to accommodate the additional electrons rather than the purine bases. This is in 
agreement with the calculated results. 
The positions of the lowest unoccupied molecular orbital (LUMO) of the trimer 
units are calculated and shown on the right hand side of table 4.3.1.2. These results 
indicate the reduction sites of the trimer units and hence the location of the excess 
negative charge (electron). It is found that the location of the L U M O is consistent 
with the calculated NPA results. The positions of L U M O are the terminal C3 base 
and T20 base of C3A4A5 trimer and distributed all over the three thymine bases 
(5'-T16T17T18-3') of A7A8A9 trimer. In the case of A8A9C10 trimer, the L U M O s 
are mainly located in the terminal CIO base and T17 base. It is also observed that 
the phosphate backbone connected to A8 and A9 bases is involved in the contribution 
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towards the L U M O . For the G1G2C3 trimer, the NPA results show the C24 base 
clearly localizes the excess negative charge and it can be confirmed from the M O 
calculation that the L U M O is located at the C24 base. 
The energies of the L U M O are summarized in table 4.3.2.1: 
Table 4.3.2.1 Orbital Energies (au) of L U M O 





It is found that the L U M O energy of G1G2C3 and A7A8A9 trimers is lower than 
that of the C3A4A5 and A8A9C10 trimers. This result shows that the trimer 
sequences with stacked cytosine bases (5'-C23C24) or with continuous pyrimidine 
bases (5’-T16T17T18-3，）are better localization sites of excess negative charge than 
the trimer sequences with intervening cytosine and thymine bases or with stacked 
thymine bases only (i.e. TT). 
The first five atoms with the greatest charge difference under neutral and 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































All of these atoms are either in the cytosine base or in the thymine base except 
for the hydrogen atom (A8P0H) that is bonded to the phosphate backbone of 
A8A9C10 trimer. The atoms found to have the greatest charge shift are C2, C4, C6, 
N3 and N4 atoms of cytosine and 04 and C6 atoms of thymine base. These atoms 
are generally located at the six-membered ring of the nucleobases. This is because 
• the additional electron (negative charge) would most readily add to low-lying 
unoccupied orbitals particularly to the 7i* of the nucleic acids (4.17). Moreover, 
recent studies have pointed out that the addition of an electron to the AT base pair 
causes shortening of the (4.18) H6-04 bond. This is the result of adding extra 
electron density to the anitibonding orbitals of 04 in thymine (4.18). Furthermore, 
for the G C base pair, the bond distance of H4-N4 is found to decrease in a negative 
charged state, because of the increase in pyramidalization of N4 atom in cytosine (4.9). 
These results on structural changes upon addition of an electron support the 
conclusion of N P A calculations. 
4.4 Role of TCHBs in charge transfer 
4.4.1 Introduction 
The flexibility of intermolecular H-bonds enables proton transfer and it is found 
to be related to electron and hole transfer in D N A (4.19). Moreover, the presence of 
H-bonds in the Watson-Crick base pairs causes the charge redistribution within the 
nucleobases as a result of orbital interactions. Recently, many studies have gone into 
the investigation of base-base interactions to charge migration (4.20-4.21), however, 
few theoretical results have been performed to understand the role of TCHBs in the 
charge transfer. In this section, the possible contributions of the TCHBs to charge 
transfer are examined by applying the trimer models (C3A4A5, A7A8A9，A8A9C10) 
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which are found to have TCHBs. 
4.4.2 Analysis of G1G2C3, C3A4A5 and A8A9C10 trimers 
The presence of TCHBs and charge difference (AQ) of the atoms involved in 
hydrogen bondings are listed in the figure 4.4.2.1. Moreover, the E(2) energies of 
the TCHBs for the C3A4A5 and A8A9C10 trimers are shown in table 4.4.2.1. 
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Fig 4.4.2.1 Charge difference (AQ) of the atoms in (a) GGC (b) CAA trimers 
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There are one T C H B (A4H6a …T2004) identified in C3A4A5 trimer and two 
(A8H6a …T1604 and A9H6a …G1506) for A8A9C10 trimer, however, no T C H B 
is identified in G1G2C3 trimer. In fact, it is necessary to examine the presence of 
TCHBs to the effect of atomic charges of the atoms involved in hydrogen bonding 
for investigating the role of TCHBs in charge transfer. For instance, it is found that 
the G1506 atom of A8A9C10 trimer is involved in the formation of T C H B and 
acting as the hydrogen bond acceptor while the 06 atoms of G1G2C3 and C3A4A5 
are not. The corresponding atomic charges of these five 06 atoms are listed in 
table 4.4.2.2. 
Table 4.4.2.2 atomic charges (Q) of 06 atoms in neutral trimers 









It is found that the G1506 atom of A8A9C10 trimer is the most negative and 
hence it is most electron rich. This result indicates the hydrogen bond acceptor 
(G1506) which is involved in both intermolecular hydrogen bond and T C H B 
possesses a higher electron density and hence this atom is preferable to donate 
electron through the hydrogen bond system. Furthermore, the E(2) energy of the 
T C H B in A8A9C10 trimer (G1506 ™ A9H6a) is 0.92 kcal/mol and this 
donor-acceptor orbital interaction is strong enough for charge transfer. 
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The TCHBs acting as a charge transfer medium can be supported by studying 
the E(2) energy of intermolecular H-bonds which involved the 06 atom of guanine 
base. The E(2) energy of C3H4a …G2206 intermolecular H-bond in C3A4A5 is 
much stronger than the E(2) energy of C10H4a --- G1506 intermolecular H-bond in 
A8A9C10. It is expected the orbital interactions of the C10H4a — G1506 bond is 
much weaker than the C3H4a …G22 0 6 bond and so the donor-acceptor ability. 
However, the charge difference (AQpo) of G2206 in C3A4A5 trimer is 0.087 while 
the G1506 in A8A9C10 trimer is 0.084. These results pointed out that the amount 
of electron donated from these two hydrogen bond acceptors (4.22) under excess 
positive charge is similar, which is around 12.7% and 11.8% respectively. The 
possible explanation for the similar donating ability of these two 06 atoms may be 
the formation of T C H B (A9H6a — G1506) in A8A9C10 trimer. The T C H B is 
considered as another charge transfer pathway from the 06 atom of G base in 
A8A9C10 trimer and, hence, account for the similar donating ability. 
The charge difference of the hydrogen atom of the T C H B (A9H6a …G1506) 
in A8A9C10 further supports the explanation. The hydrogen atom is found to gain 
extra negative charge (-0.008) under cation state even the adenine base is found to 
localize the excess positive charge. It is because of the T C H B which transfers 
electron (negative charge) from the G1506 atom to the hydrogen atom (A9H6a) and 
results in net gaining of negative charge. 
The strength (E(2) energy) of the TCHBs to the effect of charge transfer has 
also been examined. The T C H B identified in the C3A4A5 trimer (A4H6a ---
T2004) is the same type as the one in A8A9C10 trimer (A8H6a ™ T1604). 
However, the strength of these two TCHBs has a large difference: the A4H6a ---
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T2004 H-bond is 0.08 kcal/mol while the A8H6a …T1604 is 0.88 kcal/mol. The 
variation of bond strength would affect the charge transfer ability which is the same 
case as intermolecular H-bonds (4.5). For the C3A4A5 trimer, it is found that the 
charge difference (AQpo) of the T20 base is zero. This result indicates that the T20 
base does not have any net gain of positive or negative charge under cation state. It 
may be due to the charge transfer system of the two intermolecular H-bonds 
Nl—H3-N3 and N6-H6—04 of the A5T20 base pair. The donor-acceptor 
interactions cause the charge redistribution and regulation of the charge density of 
T20 base (4.23-4.24). Furthermore, because the T C H B (A4H6a T2004) 
presence in C3A4A5 trimer is weak, it does not have a strong orbital interaction 
with the A4 base and the possibility of charge transfer from T20 base to A4 base is 
lowered. As a result, the charge difference (AQpo) of the T20 base is zero. 
However, in the A8A9C10 trimer, the charge difference (AQpo) of T16 base is 
0.063. It is different from the result of T20 base of C3A4A5 trimer and indicates 
that some of the electrons have been donated from the T16 base. In fact, the 
intermolecular H-bond systems of A5T20 base pair is the same as the A9T16 base 
pair beside the T1604 atom is a hydrogen bond acceptor of a strong T C H B (A8H6a 
---T1604). The loss of electrons from the T16 base may be due to the presence of 
strong TCHB. This is further supported by the atomic charges of the hydrogen 
bond donor and acceptor atoms. The AQpo of T1604 atom in A8A9C10 trimer is 
0.017 while the AQpo of a weak T C H B acceptor (T2004) and a non-TCHB acceptor 
(T2104) atom in C3A4A5 trimer is -0.002 and -0.011 respectively. These results 
do indicate some electrons have been donated from T1604 which possibly arise 
from the formation of strong T C H B in A8A9C10 trimer. 
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Moreover, the (AQpo) of the hydrogen atom (A8H6a) in the strong T C H B 
(A8H6a --- T1604) is -0.001. This value is again different from the hydrogen 
atom in a weak T C H B (A4H6a) and a non-TCHB (A5H6a) which is about 0.004 and 
0.006 respectively. Although the value in A8H6a is quite small, it indicates the 
hydrogen atom gains extra negative charge (electron) despite that the adenine base is 
found to localize the excess positive charge. The extra negative charge may be 
donated from the strong T C H B presence in A8A9C10 trimer. 
The possibility of charge transfer through TCHBs in anion radical state can also 
be observed. For instance, the charge difference (AQve) of G2206 atom in 
C3A4A5 trimer is found to be -0.012 while the G1506 atom in A8A9C10 trimer is 
-0.016. These values show that even the G15 base and G22 base gain extra 
negative charge (AQve are both 0.010) in the anion state but the two oxygen atoms 
donate electrons. It is because the intermolecular H bond N4-H6---06 presence 
between the C G base pair cause electron donation from 04 atom of guanine to 
cytosine. However, the extra loss of electrons on the G1506 atom is accounted by 
the formation of T C H B which donate electrons from G15 base to A9 base. It can 
be supported by the result that the AQve of A9H6a atom is 0.005 which indicates the 
localization of the extra negative charge. 
4.4.3 Analysis of A7A8A9 and A8A9C10 trimers 
The strength of TCHBs of the A7A8A9 and A8A9C10 trimers under different 
charge states are listed in table 4.4.2.1. When compared with the neutral state, the 
bond strength of TCHBs decreases in the cation state. This indicates that the 
donor-acceptor ability of TCHBs is lowered and, consequently, charge transfer 
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through TCHBs is less favorable under cationic radical. It is because the electron 
density of the trimer system is deficient in the cation state and as a result, the orbital 
interactions of TCHBs become weaker. However, the strength of the TCHBs in the 
anion state is found to be similar with the neutral state except for the T C H B 
(A8H6a---T1604) present in A7A8A9 trimer which shows a slight increase in 
strength. In fact, under excess charge condition the bond strength of the same 
T C H B is found to have a different trend in different base sequences (Fig 4.4.3.1). 
1 • A8H6a—T1604 in A7A8A9 trimer 
| « A 8 H 6 a - T 1 6 0 4 in A8A9C10 trimer 







I Q^J ‘ 
-1 0 1 
Charge state 
Fig 4.4.3.1 The relationship between different charge states and E(2) energy of 
TCHBs (A8H6a—T1604) in A7A8A9 and A8A9C10 trimer 
The different trend of bond strength may be related to their corresponding 
intermolecular H-bonds strength and competition of hydrogen bonding (4.25). The 
intermolecular H-bonds A8H6a---T1704 which acts as the major component of the 
T C H B system (Fig 4.4.3.2) in A7A8A9 trimer becomes stronger in the anionic state 





A 8 N 6 A 8 H 6 a : :…--——T 1 7 0 4 
minor 、 \ 丁 1 6 〇 4 
component 
Fig 4.4.3.2 The T C H B system in A7A8A9 and A8A9C10 system 
Therefore, the minor component (A8H6a---T1604) of the T C H B system gets 
weaker because of the competition of the same hydrogen atom (4.25). As a result, 
the strength of A8H6a---T1604 in A7A8A9 trimer decreases in the anion state 
(excess negative charge). However, the intermolecular H-bonds A8H6a---T1704 
in A8A9C10 trimer is found to be weaker under anionic state than the neutral state 
from 4.24 kcal/mol to 4.16 kcal/mol. Hence, the A8H6a---T1604 interaction of the 
T C H B system in A8A9C10 trimer becomes stronger and with a better 
donor-acceptor ability under excess negative charged state. 
4.5 Summary 
The locations of the excess positive charge and negative charge in the trimer 
molecules are identified by the NPA and M O calculations. The ion radicals are 
generally localized in the nucleobases. The excess positive charge is found to be 
localized in the guanine base whereas it is localized in the adenine base when the 
trimer sequence is without guanine base. The excess negative charge is found to be 
localized in the cytosine base and thymine base. 
The presence of TCHBs in trimer units is considered to be involved in the 
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charge transfer. The atomic charges of the atoms under different charge states have 
been determined and it can provide supportive information in investigating the 
charge redistribution and charge migration through the TCHBs under excess charges 
state. Furthermore, the base sequence of the trimer units and the bond strength of 
the corresponding intermolecular H-bonds in T C H B system are important factors in 




The relevance of the sequence effect to the location of the three center hydrogen 
bonds (TCHBs) in D N A has been theoretically investigated by studying the structural 
and energetic properties of the ten possible combinations of D N A dimers. The ten 
D N A dimer models are 5'-AA-3', 5'-AT-3', 5'-AC-3', 5'-AG-3', 5'-TA-3', 5,-TC-3，， 
5'-TG-3', 5’-GC-3，，5,-CC-3’ and 5'-CG-3'. Moreover, the possibility of TCHBs 
acts as a charge transfer medium has also been analyzed by studying the electronic 
properties of D N A trimers in different charged states. The double-stranded models 
are 5'-GGC-3', 5'-CAA-3', 5'-AAA-3', 5'-AAC-3'. N B O analysis and M O 
analysis have been applied by employing density functional theory at the 
UB3PW91/6-311G** level. 
The presence of TCHBs in the ten D N A dimer units have been determined by 
applying the characterization criteria developed from our group. This study 
indicates that the presence of TCHBs depends on the D N A sequence. It is found that 
the sequences with the adenine bases located at the 5’ end (5'-AX, where X=A, C, G, 
T) favor the formation of TCHBs. Furthermore, it is observed that the presence of 
TCHBs can be divided into two classes which are N-H---O and N-H---N TCHBs. 
The N-H---O TCHBs is stronger than the N-H---N type because of the shorter bond 
distance and better orbital overlapping. 
The role of TCHBs under excess charge states has been demonstrated. It is 
found that the presence of TCHBs causes the redistribution of the atomic charges in 
D N A and the donor-acceptor ability of TCHBs is varied under both cation and anion 
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• states. This result reveals the variation of orbital interactions in TCHBs and hence 
the possibilities of charge transfer through these hydrogen bonds in excess charges 
condition. Therefore, the TCHBs are found to play a role in facilitating the charge 
migration between the D N A . Besides, the base sequence and the competition with 
the intermolecular H-bonds are found to be the important factors affecting the 
donor-acceptor ability of the TCHBs in excess charges condition. Moreover, the 
charge locations in D N A have been determined where the excess positive charge is 
localized in the guanine and adenine bases and the excess negative charge is localized 
in the thymine and cytosine bases. 
An extension to this work would be to utilize longer D N A sequences in the 
calculation to re-examine the sequence dependent of TCHBs. The feasibility of the 
phosphate backbone to the charge migration would also be investigated. Moreover, 
the correlation between the TCHBs with the proposed charge transfer mechanisms in 
D N A (i.e. A-hopping) would need to be studied. These analyses would provide 
insights in exploring the detail charge transfer process in D N A . 
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Appendix II 
Table II-1 The extracted DNA sequences for the calculation models 
DNA sequences NDB/PDB Extracted 
code models 






5'-D(GpGpCpApApGpApApApCpGpG)-3' 1G14^ AG, 
GA(TC) 
5'-D(CpGpCpTpApGpCpG)-3' 1G7Z' GC, TA 
An AT-rich DNA sequence 1 A^E^ AT 
5'-D(CpCpApApCpGpTpTpGpG)-3' BDJ019' CC, CG 
a. The author of DNA sequence (IFZX) is MacDonald, D. 
b. The author of DNA sequence (1G14) is MacDonald, D. 
c. The author of DNA sequence (1G7Z) is Isaacs, R. J. 
d. The author of DNA sequence (IJVE) is Ulyanov, N. B. 
e. The author of DNA sequence (BDJ019) is Prive, G. G. 
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